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Abstract
Field effect transistors (FETs) are indispensable for our modern digital society, needed as basic
building blocks for logical gates in all digital circuits. FETs are found in sample and hold circuits
with high storage capacities and high write and read speeds and in driver circuits for active matrix
displays such as large area TVs. An entire new application perspective is currently emerging in
the area of printed electronics, where flexible plastic foils, papers and textiles become inexpensive
substrates for novel devices. To realize circuits on such substrates, dielectrics, semiconductors
and conductors with suitable morphologies as well as innovative device architectures have to be
developed. Prominent among others, printed liquid electrolytes with high gate capacities in com-
bination with printed oxide semiconductors have yielded good device performance and remarkable
drain currents at low gate voltages. To be usable in everyday applications basic requirements have
to be fulfilled, such as functional stability during environmental temperature changes, sufficient
current output to drive more advanced electronic circuits, high switching speed and miniaturized
size to allow for large packing densities. Miniaturized high current transistors with good temper-
ature stability can open the path to many new applications for printed electronics, e.g., wearable
electronics or lighting solutions, where higher currents are necessary.
In this thesis in-plane indium oxide based FETs have been fabricated utilizing composite solid
polymer electrolytes (CSPEs) for gating. Different CSPEs have been investigated to determine
the most suitable candidate for high performance FETs concerning chemical, physical and electrical
behavior. The CSPE, containing LiClO4, PVA, PC and DMSO, has been selected and printed
onto an in-plane electrolyte-gated FET (EG-FET). Special attention has been drawn to the key
parameters of the EG-FET like mobility, on-current, on/off-current ratio and threshold voltage
tested over a wide temperature range. Especially the temperature independence of the on-current
and the threshold voltage as well as the absence of hysteresis turn out to be beneficial with respect
to future applicability of printed EG-FETs in electrical circuits.
In order to downsize the in-plane EG-FETs and to obtain large drain currents at the same time, a
vertical arrangement of the FET (v-FET) has been realized. In order to achieve this goal, porous
SnO2 has been stacked in between two platinum electrodes to achieve the vertical source/semicon-
ductor/drain structure, in plane with the platinum gate. The gating is realized by inkjet printing
a CSPE film covering the semiconductor channel and the gate. The CSPE, infiltrated into the
porous semiconductor network, addresses the entire inner surface of the semiconductor. A channel
of 45 nm is achieved by utilizing the thickness of the printed semiconductor film. A device using
such geometry yields nearly ideal transistor characteristics with a clear current saturation with
increasing drain voltage and a quadratic increase of the output curves with increasing gate voltage.
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The large drain current densities exceeding 0.1MA/cm2 can be explained by the large channel
area or channel width, which can be modeled by a large number of independent pillars forming
conducting pathways between source to drain electrode.
Finally, the problem of limited switching speeds of an in-plane EG-FET has been addressed. The
limiting factor for such devices is clearly the large gate-to-channel distance, which limits the time
to form the FET conducting channel. The characteristic time constant is determined by the ionic
conductivity of the CSPE and double layer capacitance of the CSPE/semiconductor interface. In
order to reduce the gate-to-channel distance, i.e., the total resistance, a back-gated EG-FET has
been designed using a porous Al2O3 spacer with a thickness of about 300 nm and a porous SnO2
layer as the channel material. Due to the reduction of the gate-to-channel distance by more than
two orders of magnitude a potential reduction of the the switching frequency can be shown.
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Abstract
Eine moderne Elektronik ohne Feldeffekttransistoren (FET) ist heute undenkbar. Diese Bauele-
mente agieren als elektronische Schalter in logischen Gattern und sind im Besonderen in digitalen
Schaltkreisen nicht zu ersetzen. Man findet FET sowohl in „sample-and-hold“ Schaltungen für
große Datenspeicher mit schnellen Lese- und Schreibzyklen als auch in großflächigen Aktiv-Matrix-
Ansteuerungen, wie sie in Displays für Flachbildfernseher benötigt werden. Zur Reduktion der
Fertigungskosten solcher Ansteuerungen eröffnet sich derzeit gerade ein neues Wissenschafts- und
Anwendungsfeld, dass das Potenzial einer "Druckbaren Elektronik" evaluiert. Dabei werden bil-
lige und flexible Substrate wie Plastikfolien, Papier oder Textilien aber auch neue Materialien und
Bauteilarchitekturen eingesetzt. Um funktionierende Bauteile herzustellen, benötigt man sowohl
leitende, halbleitende als auch isolierende Materialien, die auf solche Substrate gedruckt werden
können. Eine Möglichkeit ist dabei, einen leitfähigen flüssigen Elektrolyten als Gate-Dielektrikum
in Kombination mit einem gedruckten oxidischen Halbleitermaterial einzusetzen. Solche Materi-
alkombinationen ermöglichen es, sehr hohe "Drain"-Ströme bei niedrigen "Gate"-Spannungen zu
erzielen. Für ein Bauteil müssen dazu einige grundlegende Voraussetzungen erfüllt sein, wie z.B.
ein stabiler Betrieb bei Temperaturänderung, ein ausreichender "Output"-Strom, um elektronische
Schaltkreise betreiben zu können, möglichst hohe Schaltgeschwindigkeiten und eine hohe Pack-
ungsdichte, damit solche FET in komplexeren Schaltungen auf kleinem Raum verarbeitet werden
können. Bei Gelingen einer solchen Miniaturisierung unter Beibehalt der notwendigen Output-
Ströme und eines stabilen Betriebs unter Temperaturänderung eröffnet sich ein neuer Markt für
die Druckbare Elektronik, die z.B. Felder wie „Smart Textiles“ oder Beleuchtungsanwendungen
umfasst.
In dieser Arbeit wurden planare Feldeffekt-Transistoren mit einem Kanal aus Indiumoxid und
einem Komposit-Polymer-Elektrolyt (engl.: composite solid polymer electrolyte (CSPE)) als Gate-
Dielektrikum hergestellt. Es wurden verschiedene Komposit-Polymer-Elektrolyte analysiert, um
den am besten geeigneten Elektrolyten in Bezug auf chemische, physikalische und elektrische
Eigenschaften zu finden. Der letztendlich verwendete Elektrolyt setzte sich aus LiClO4, PVA,
Propylencarbonat und Dimethylsulfoxid zusammen und wurde in einem planaren FET als gedruck-
tes Gate-Dielektrikum eingesetzt. Bei der Funktionsevaluierung wurde besonderes Augenmerk auf
die Schlüsselparameter Feldeffektmobilität, on-Strom, on/off-Strom Verhältnis und Schwellspan-
nung gelegt und deren Verhalten in einem weiten, alltagsrelevanten Temperaturbereich untersucht.
Insbesondere die Temperaturunabhängigkeit von on-Strom und Schwellspannung und das Fehlen
einer Strom-Hysterese in den Transfer-Kurven zeigt das Potential solcher Transistoren für zukün-
ftige Anwendungen in komplexeren elektronischen Schaltungen.
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Um die geforderte Miniaturisierung der planaren FET in Kombination mit hohen Output-Strömen
zu realisieren, wurde das Konzept eines vertikalen Feldeffekttransistor entwickelt und realisiert.
In diesem Zusammenhang wurde ein poröser Halbleiter (SnO2) zwischen zwei parallelen Platin-
Elektroden in einer Sandwich-Geometrie aufgebaut, die als Source- bzw. Drain-Elektrode agieren,
was die vertikale Struktur begründet. Die Gate-Elektrode wurde wiederum in planarer Geometrie
aufgebaut. Durch das Aufdrucken des CSPE auf die Gate-Elektrode und den Halbleiter und das
Eindringen des CSPE in den porösen Halbleiter wird ein Schalten des Bauteils ermöglicht. Durch
das Infiltrieren des CSPE in die poröse Halbleiterstruktur wird die gesamte innere Oberfläche des
porösen Halbleiters kontaktiert und agiert als Transistorkanal. Auf diese Weise wurde eine Kanal-
länge des FETs von 45 nm erzielt, was der Schichtdicke des gedruckten Halbleiters entspricht. Die
hergestellten Bauteile zeigen nahezu ideale Transistorcharakteristiken, wie z.B. eine vollständige
Sättigung des Drain-Stroms bei hohen Drain-Spannungen und einem quadratischen Anstieg des
Drain-Stroms mit der Gate-Spannung. Die Stromdichte des Drain-Stroms erreicht dabei Werte von
mehr als 105A/cm2 und kann mit der großen Oberfläche des Transistorkanals erklärt werden, die
ein Synonym für eine große Kanalbreite ist. Mit einem in dieser Arbeit verwendeten Säulen-Modell
war es möglich, die nicht direkt zugängliche experimentelle Kanalbreite zu bestimmen.
In einem letzten Schritt wurde die begrenzte Schaltgeschwindigkeit solcher Elektrolyt-basierter
FET mit versetzter Gate-Elektrode evaluiert. Als limitierender Faktor zeigte sich hier eindeutig
der große Abstand zwischen Gate-Elektrode und Kanal. Die limitierende Zeitkonstante wird in
diesem Fall durch das Produkt des Gesamtwiderstandes des CSPE und der Doppelschichtka-
pazität der Grenzfläche zwischen CSPE und Halbleiter bestimmt. Um den Abstand zwischen
Gate-Elektrode und Kanal und somit auch den Gesamtwiderstand zu reduzieren, wurde ein FET
konstruiert, dessen Gate-Elektrode auf der Rückseite des Kanals angeordnet ist. Als Abstand-
shalter wurde eine 300 nm dicke, poröse Al2O3-Schicht verwendet. Diese Bauteile zeigen sehr gute
Transistoreigenschaften und der reduzierte Abstandes zwischen Gate-Elektrode und Kanal um





2.1. Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1. Printing Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2. Printed Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2. Field-effect Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.1. Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.2. Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3. Electrolyte Gating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1. Liquid Electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2. Composite Solid Polymer Electrolyte . . . . . . . . . . . . . . . . . . . . . 24
3. Experimental 25
3.1. Material and Device Characterization Methods . . . . . . . . . . . . . . . . . . . 25
3.1.1. Differential Scanning Calorimetry . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.2. Micro-Tensile Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.3. Rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.4. Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.5. Transmission Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . 27
3.1.6. Electron Tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.7. Impedance Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.8. Electrical Characterization of FET . . . . . . . . . . . . . . . . . . . . . . 29
3.2. Ink Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1. Indium Oxide Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2. Tin Oxide Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.3. Composite Solid Polymer Electrolytes . . . . . . . . . . . . . . . . . . . . 33
3.3. Device Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.1. Samples for Mechanical Testing . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.2. Laser Ablation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.3. Electron Beam Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.4. Inkjet Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5
3.3.5. Fabrication of Parallel Plate Capacitors . . . . . . . . . . . . . . . . . . . 38
3.3.6. Preparation of In-Plane Geometry FETs . . . . . . . . . . . . . . . . . . . 39
3.3.7. Preparation of Vertical Channel Geometry FETs . . . . . . . . . . . . . . . 40
4. Temperature Dependence of Electrical Properties of Composite Solid Polymer Electrolytes 43
4.1. Chemical Properties of CSPEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.1. Material Composition of solid CSPEs . . . . . . . . . . . . . . . . . . . . . 44
4.1.2. Phase Transitions of CSPEs . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2. Electrical Properties of Composite Solid Polymer Electrolytes . . . . . . . . . . . 47
4.2.1. Capacitive CSPE Based Devices . . . . . . . . . . . . . . . . . . . . . . . 47
4.2.2. Electrolyte-Gated Field-Effect Transistors . . . . . . . . . . . . . . . . . . 59
4.3. Mechanical Properties of CSPEs . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.1. Rheological Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3.2. Tensile Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5. Printed Porous Channel EG-FETs 75
5.1. Functional Principal of Vertical FETs . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2. Preparation and Characterization of Porous SnO2 . . . . . . . . . . . . . . . . . . 76
5.3. Vertical Channel EG-FET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4. Reduction of Switching Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6. Conclusions 101
7. Future Experiments 105
Bibliography 107
A. Acknowledgements VII
B. Personal data IX
B.1. Curriculum vitae (Lebenslauf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . IX
B.2. Publication List . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XI
B.3. List of Abbreviations and Variables . . . . . . . . . . . . . . . . . . . . . . . . . . XXIII
C. Transfer and Output Curves of all Temperatures for In-Plane FET XXV
D. Full Set of Impedance Data Fitted with the EC from Figure 4.4(b) XXXII
6
E. Solid Polymer Electrolytes XXXV
F. Carbonates Suitable for Electrolyte Preparation XXXV
G. Morphologies for Drift Diffusion Simulations XXXVI




First printing dates back to the Mesopotamian civilization before 3000 B.C.. Printing since then
is used to print texts, pictures and patterns on various substrates. Earliest reports of woodblock
printing or stamping from ∼ 200 A.D. show wide use throughout Eastern Asia [1]. During that
time printing was performed mainly on clothes. About 1200 years later the movable type printing
was developed, which used separate printing blocks for letters and symbols to make the technique
more flexible. Different materials were employed to prepare these blocks, e.g, porcelain, metal and
wood. Another 400 years later Gutenberg and Dritzehen invented the printing press, which again
increased printing speed and accuracy. The next step towards high throughput printing was done
in 1843 when Hoe invented the rotary printing press. In the following years, new techniques for
large area printing were developed and optimized like offset, rotogravure, screen and many other
techniques.
A big step forward in terms of flexibility and precision was made with the invention of digital
printing techniques. In 1867 the first inkjet nozzle was used for recording telegraph signals. The
jetting was continuous and the deflection of the nozzle was realized by a magnetic coil. It took
another 84 years until the first commercial inkjet printer was presented by Siemens. The next
step of development brought the drop on demand (DOD) technique (by Endo and Vaught) in the
late 1970s. They found that heating the ink to a sufficient temperature makes a drop eject from
the nozzle. Shortly after the introduction of the thermal inkjet the piezoelectric DOD printing
was invented, which increased the range of usable inks. The reason for this improvement is that
in the latter case, no volatile components are needed and the problem of residue and clogging of
the nozzle in the heated region are avoided. Nowadays the piezoelectric DOD is the most common
form of modern inkjet technology.
The field of printed electronics has developed around 1990 and is closely linked to the de-
velopment of functional organic compounds, such as electric conductors, semiconductors and di-
electrics. Many different structures, e.g., passive leads, resistors, field-effect transistors (FETs),
organic light emitting diodes (OLEDs) and large area devices, such as solar cells are fabricated
by printing nowadays. Organic materials are the dominant representatives because of their easy
solution processability. Initially, mostly metal electrodes were utilized for contacting and gating
but at later stage of development it was possible to fabricate all organic devices. Due to the con-
tinuous problems with long term stability of organic devices and compounds, scientists started to
direct their interest to printable inorganic oxide semiconductors as active components for FETs.
Two types of semiconductors are distinguished, namely hole (p) and electron (n) semiconductors
depending on the type of doping. Most of the organic semiconductors show p-conducting behav-
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ior, however, their oxide counterparts are commonly n-conducting. The electron conductivity is
related to the doping mechanism of the metal oxide semiconductors, where (double) negatively
charged oxygen vacancies in the semiconductor establish the predominant doping mechanism. For
electronic devices it is important to have both p- and n-type semiconductors. For oxide semi-
conductors, some candidates for p-type have been reported in literature [2]. In terms of their
environmental stability and performance, oxide based semiconductors are inherently superior to
their organic counterparts. However, the comparison of synthesis, processing and compatibility
with available flexible substrates puts organic materials in the advantage. For organic materials
no high temperatures are needed during preparation and thus inexpensive substrates like PEN
(polyethylene naphthalate) or PET (polyethylene terephthalate) can be used. Even though there
is a competition between the organic and inorganic scientific communities, the combination of
both classes of materials in hybrid devices, p-type organic and n-type inorganic materials could
offer new opportunities. In this context, CMOS like logic gates could be realized. Such gates are
the essential building blocks of all modern electronics and could open new perspectives for printed
devices.
Field-effect transistors as mentioned above are the basis for almost all modern electronic
devices and act as electronic switches. In such a switch a current through a semiconductor flowing
between two terminals, named source and drain, can be controlled by means of an electric field.
This electric field is generated by applying a gate voltage to a gate electrode, which is coupled via a
gate insulator to the semiconductor. Through the capacitively coupled gate charges are pulled into
the semiconductor channel, whose amount is controllable through the amplitude of the applied
gate voltage over a wide range. In this way, the amount of charge determines the current between
the source and drain electrodes. In general, the accumulation of charge in a semiconductor through
an electric field applied across the dielectric is called field-effect. Commonly, the gate insulator
materials are solid dielectrics but in the last few years an alternative approach utilizing electrolyte
solutions and ionic liquids has been employed. The advantage of electrolytes is their ability to form
extremely large capacitances by ion separation in the electric field. Thereby they form atomically
or molecularly thin electrical double layers. The formation of electrical double layers is not lost
even when the electrolyte or ionic liquid is solidified, e.g., by the addition of a polymer. The
rearrangement of the ions within the double layer forced by the gate voltage to a metal conductor
or semiconductor creates a very large electric field. This field now is responsible for the field-effect
and turns out to be especially beneficial to work effectively as gate dielectric in printed field-effect
transistors.
In this thesis two different topics of electrolyte-gated oxide electronics will be discussed: first,
the mechanical and thermal stability of printed composite solid polymer electrolytes (CSPEs)
in FETs will be investigated and second, a new electrolyte-gated FET (EG-FET) geometry will
be introduced, which circumvents the limited printing resolution of commercial printers by using
a novel vertical transistor geometry. After introducing the fundamentals related to the present
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thesis in Chapter 2 and the experimental framework in Chapter 3, Chapter 4 is the first of two
chapters reporting on the experimental results and presents a comprehensive study of the chemical,
mechanical and electrical properties of composite solid polymer electrolyte. Based on these CSPEs
low voltage printed FETs are prepared and tested with respect to temperature. Therefore key
factors of CSPE based FETs have been investigated and their temperature dependence has been
recorded in the range of -35 °C to +60 °C and compared with the theoretically expected behavior.
The aspect of low voltage/low power consumption is essential to allow for long lasting use in
battery powered devices and the aspect of temperature stability of FETs is essential for a stable
operation in electronic circuits under normal environmental conditions. The latter point involves
not only the heat generated by the transistor itself but also the environmental aspect of being
exposed to ambient temperature differences of several tens of degrees in everyday use. In the
second chapter of experimental results (Chapter 5) a novel EG-FET geometry will be introduced
using the film thickness of a printed film as the channel length instead of the lateral dimension
of the semiconductor channel, determined by the spatial resolution of the printer employed. By
means of introducing pores in the semiconductor through adding a micelles forming polymer to the
semiconductor precursor ink, networks of polymer and semiconductor precursor are formed during
drying and annealing. After annealing a porous, crystalline semiconductor has been formed, which
can be infiltrated by the CSPE. Using proper contacts it will act as a vertical transistor (v-FET).
The obvious advantages are a shorter channel length in combination with higher drive currents.
Applying this new design the limited printing resolution of commercial inkjet printers can be
circumvent by utilizing the printed film thickness instead of the the lateral dimension. This way,
the channel length can be reduced by almost three orders of magnitude to less than 50 nm. Such
a new design allows for new applications by opening the possibility of fabricating high current





In this chapter the inkjet printing technique utilized in this thesis is presented. In addition, a
preview of possible upscaling methods is provided. Printed or partly printed devices, like solar
cells, light emitting diodes and field-effect transistors, are described and some challenges in printed
electronics are discussed.
2.1.1 Printing Techniques
For the realization of functional devices, several printing techniques have been developed over
the last decades. They range from high throughput, large area roll-to-roll compatible printing
techniques to sheet by sheet techniques with lesser throughput like digital drop-on-demand (DOD)
printing. Roll-to-roll printing techniques are defined by a continuous printing process performed
while the substrate (commonly a polymeric foil) is unwound from one cylinder and rewound on
another. In the sheet by sheet process substrates are idling during the actual printing process
and are exchanged after the printing of each sheet has finished. In industrial and academic use
roll-to-roll as well as sheet by sheet based techniques have individual advantages and find their
dedicated field of application. Since inkjet printing as a digital drop-on-demand technique is based
on a sheet by sheet process, it, in general, serves the requirements of academic problems best,
because of the inherent flexibility. In this thesis inkjet printing has been used exclusively and will
be presented in more detail in the following paragraphs. A short overview on upscaling possibilities
of the printing process using roll-to-roll techniques is presented at the end of this section.
Inkjet printing is a digital printing technique without any need of a physical printmaster. To
create the desired structures, the printhead is moved relative to the substrate and ink drops are
ejected wherever needed. The layout of the printed structure is created on a computer and can be
changed easily. For inkjet printing three mechanisms have been established for the drop formation.
These mechanisms are based on different principles which are acoustic, thermal and piezoelectric
in nature [3, 4]. The acoustic wave driven method is mostly used for continuous printing appli-
cations in industry, e.g., personalization and coding of products as well as packaging. Thereby a
piezoelectric crystal creates an acoustic wave, which separates droplets from a continuous flowing
stream of ink. In contrast to the continuous acoustic inkjet printing, the thermal and piezoelectric
inkjet printing provide drop-on-demand techniques and are used for patterning of more complex
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structures. Thermal DOD techniques use a heater in the nozzle region, which heats up the ink
to its boiling point and the pressure created by the expansion of the evaporating solvent causes
the ejection of a droplet. In the case of piezoelectric supported DOD techniques a piezoelectric
crystal is driven by an oscillating voltage, which compresses and releases the nozzle in a sinusoidal
manner. For the ejection of a droplet, a pulse signal is overlaid in a way that enough pressure
is created to force a droplet to leave the nozzle. The most common and mature technique is the
piezoelectric DOD, which has been used exclusively for the experiments throughout this thesis.
Inkjet printers for laboratory applications thereby have many possibilities to adjust printing pa-
rameters and allow for customizing the printing process to most of the utilized inks and substrates.
The technique is capable of printing a large variety of different functional materials, like organic
conductors, semiconductors and dielectrics [5–13] as well as inorganic materials like metals for
electrodes and leads [14–16] and metal oxides for semiconducting channels or dielectrics. Thereby
inorganic functional materials can be prepared in two different ways. One possibility is to use
metal-organic compounds or dissolved salts in a suitable solvent as a precursor solution. The sec-
ond possibility is to disperse stabilized nanoparticles in a solvent [2, 17–23]. The spatial resolution
lies at best in the range of 5µm [6]. The nature of the substrates is variable and can be rigid
like glass or silicon wafers as well as flexible like plastic foil or paper, but preferentially has to
be flat. A disadvantage is that high throughput is not easily achievable but for laboratory scale
applications the advantages are paramount.
For industrial upscaling, different printing techniques can be applied that are compatible with
the before mentioned roll-to-roll technique. The most suitable printing techniques are analogue
techniques like offset printing [24, 25], flexography [26, 27] and microcontact printing [28]. These
printing techniques all utilize physical printmasters and transfer the layout of the printmaster to
the substrate by direct contact printing. The masters are made of different materials like metal
and rubber, and are prepared by various lithographic processes. The achievable resolution ranges
from 1 to 100µm depending on the individual printing technique and the available ink. Especially,
electrodes and leads have been structured using analogue roll-to-roll techniques, which proves that
these techniques are capable of upscaling, in general.
2.1.2 Printed Devices
For more than two decades printing has been applied to functional inks with the goal to fabricate
active and passive components in electronic devices. Different materials, i.e., metals for leads or
electrodes are applied for passive components and organic and inorganic materials as semicon-
ductors and electrolytes for active components. For large area applications such as organic light
emitting diodes and solar cells, techniques like dye slot coating are adopted. For more delicate
structures like electrodes and active components, digital printing techniques, i.e., inkjet printing
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are utilized. Here few of such printable electronic devices and their basic functional principles are
described.
• Solar cells utilize semiconductors with a band gap in the energy range of the sunlight to
create electron/hole pairs. Those electron/hole pairs are separated by an electric field and
the produced electrons and holes are transported to the opposite electrodes of the solar cell.
Thereby an electric current is created, which can be utilized to power an external device.
A classical solar cell is prepared from crystalline silicon and has the basic structure of a
large area photodiode (see Figure 2.1). Such a cell needs highly sophisticated preparation
techniques and can presently not be printed entirely. Nevertheless, the top electrodes of such
solar cells are frequently printed using metal inks and screen printing techniques. Further,
more sophisticated deposition techniques are being explored nowadays [29, 30].
Figure 2.1.: Schematics of a crystalline silicon solar cell consisting of a areal metal back electrode, dif-
ferently doped regions of a crystalline silicon wafer and thin stripes of metal top electrodes.
A different type of solar cells, in which printing techniques are used more extensively in
the production, are thin film solar cells. Several components of such devices are printed
nowadays. These cells owe their development to the fact that the absorption of photons
in semiconductors basically happens within the first 10µm. Due to this short penetration
depth, thinner absorbing structures can be used, which are easier to be printed. As an
additional benefit, the shorter pathways for the electrons and holes to the electrodes allow
for a more efficient charge separation and charge collection. Organic polymers and small
molecules with semiconducting properties, i.e., mixtures of P3HT1, PCBM2, PCPDT-BT3
and PCDTBT4 [31–35] are printed as ultra thin functional layers of a few 100 nm with ex-
cellent absorption and charge separation properties. The charge separation occurs by a so
called bulk heterojunction, which consists of a nanoscale blend of donor and acceptor mate-
rials. These donor and acceptor materials allow either electrons or holes to be transported to
opposite electrodes and thus generate the photovoltaic current. The voltage results from the
1 poly(3-hexylthiophene)




different work functions of the two electrodes. To allow the light to penetrate into the solar
cell the electrodes are mostly a combination of a metal back electrode and a transparent con-
ductive oxide front electrode. Printing of all organic solar cells are presently hampered by the
intrinsically low conductivity of the organic electrodes, which usually limits their efficiency
strongly. To improve efficiency, tandem cell structures have been developed to increase the
absorption efficiency for the incoming light [36]. For this class of solar cells inkjet printed
transparent electrodes made from tin doped indium oxide (ITO) [37, 38] as well as aerosol
jet printed active layers [39] have been applied successfully.
Another type of solar cell is the so called Grätzel or dye sensitized solar cell, which shows
promising results when printed. Many components of such a dye sensitized solar cell have
already been printed successfully: Cherrington et al. used inkjet printed TiO2 nanoparticles
to create the porous network needed for electron conduction [40], Hashmi et al. used the
same technique for application of dyes and electrolytes [41, 42] and Dodoo-Arhin et al.
prepared graphene inks to fabricate high quality counter electrodes [43]. These devices
showed conversion efficiencies in the range of 3 to 7% with impressive durability.
• Another application of printing techniques is for the fabrication of light emitting diodes
(LED). The device structure is similar to a diode but instead of using silicon, germanium or
selenium, which are indirect band gap semiconductors, direct band gap semiconductors like
GaN, GaAs, etc. are used due to their higher luminous efficiency. Conventional, inorganic
LEDs are made from crystalline bulk materials and the contacts are realized by metals to be
contacted by subsequent soldering and bonding. The device works as a light source if current
is passed through in forward direction whereby electrons are driven from the n-type into the
p-type semiconductor region where recombination with holes from the valence band occurs,
resulting in the emission of photons with a discrete wavelength according to the band gap
energy. If phonons or excitons are involved in the recombination process, the wavelength can
be shifted towards lower energies and the emission spectrum broadens.
In recent years organic LEDs have gained more and more attention and found applications
in smartphones, tablets and even TVs. The differences compared to conventional LEDs are
the active materials utilized and the preparation methods. The setup is not as simple as for
the inorganic LEDs and mostly consists of stacked thin films of different active and passive
materials. The simplest design consists of a transparent top electrode (mostly ITO), a hole
conductor, a dye consisting layer (active, light emitting layer), an electron conductor and a
back electrode with a low work function. For applications several blocking layers have to be
included to concentrate the electrons and holes to the emissive layer for higher luminance
efficiency. Furthermore, triplet emitter have been included into the emissive layer to allow
for efficiencies beyond 25% circumventing the singlet to triplet ratio. Thin films of different
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materials are still deposited by physical vapor deposition and chemical vapor deposition,
however, also printing techniques have been applied very successfully in recent times [44–49].
• Another very prominent research and development area is the fabrication of printed
field-effect transistors (FETs) intended to serve in inexpensive circuits, e.g., radio frequency
identification tags [28]. Their function and physical principles are explained in detail in
section 2.2 and are one of the main topics of this thesis. Crucial points are the choice of ma-
terials used for the transistor preparation and the utilized geometry. Several materials make
up the FET: the semiconductor is responsible for forming the FET channel, the conducting
materials are used for electrodes and leads and the dielectrics are used as gate insulators. The
channel materials discussed in the literature so far can be divided into three distinct groups:
graphene-based semiconductors, organic semiconductors and inorganic semiconductors. For
the graphene-based materials, which are applicable in FETs, semiconducting carbon nan-
otubes [50, 51] and graphene sheets [52] are the most studied modifications. While graphene
has many advantages, such as flexibility and temperature stability, a problem arises from
the rather low on/off-current ratio [53, 54]. Carbon nanotubes in contrast show high mobil-
ity and ambipolar transistor behavior [50, 51], but the production of purely semiconducting
carbon nanotubes is still demanding. Organic semiconductors have been studied for the
longest time and have improved over the years to overcome many challenges. As an exam-
ple, degradation under ambient conditions has been an issue for a long time but nowadays
show stable performance without any encapsulation over weeks or even months [55]. For
high performance devices field-effect mobilities in the range of > 1 cm2V−1 s−1 are needed,
and consequently the field-effect mobility has always been an issue for organic semiconduc-
tors as well. Today values of more than 10 cm2V−1 s−1 have been realized under certain
idealized preparation conditions [56, 57] for p-type semiconductors, but the lack of equally
performing n-type materials is still a major drawback. Recent progress in preparing n-type
semiconductors, however, promises a solution to this problem when using small molecule
polymer blends. Transistors utilizing n-type semiconductors with mobilities in the range
of 0.5 cm2V−1 s−1 have been introduced recently [58]. However, further improvements by
one order of magnitude larger electron mobilities are desirable and necessary. Much higher
field-effect mobilities for n-type semiconductors are provided by inorganic semiconductors.
Some candidates like In2O3 show values up to 126 cm2V−1 s−1 even for printed films [20].
Furthermore, the stability in ambient conditions is superior to all organic counterparts [59].
However, the inorganic semiconductors still suffer from various problems, e.g., the need of
high temperatures during preparation from precursors to initiate the conversion to metal
oxides. When dispersed in the form of nanoparticles, surfactants are necessary to keep the
nanoparticles from agglomerating in the ink. These surfactants reduce the performance of
the FET drastically. The problem of preparation temperature has been tackled lately and
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techniques like UV light to trigger the conversion of precursors or chemical curing to re-
move the surfactants from the nanoparticles during drying have been successfully employed
[19, 60].
2.2 Field-effect Transistors
Field-effect transistors are the most basic components for every modern electronic devices and
every logic circuits. Their operating principle is described in detail due to their relevance for this
thesis. The generic geometry of an FET is displayed in Figure 2.2. The operating principle is
the control of a current between two electrodes, i.e., source and drain, by a voltage applied to a
third electrode, the gate. The entire device acts thereby as a current switch. The channel is the
region of the semiconductor in between source and drain electrodes, whose electrical properties
are changed by the so called field-effect. The field-effect refers to the change of the electrical
conductivity of the semiconductor by the application of an external electric field or equivalently
by a voltage applied between the semiconductor and gate electrode in Figure 2.2.
Figure 2.2.: Schematic of a metal oxide semiconductor field-effect transistor showing electrodes (source,
drain and gate electrode) in red, gate dielectric in yellow, semiconductor in green and
substrate in blue
In the following sections the theoretical background of the field-effect, the transfer characteris-
tics and the output characteristics is presented. Afterwards different transistor geometries are
introduced and their influence on the transistor functionality is discussed briefly.
2.2.1 Theory
A metal oxide semiconductor field-effect transistor (MOSFET) is shown in Figure 2.2. The electri-
cal behavior can be best explained on the basis of a capacitor (see Figure 2.3(a)). In the capacitor,
two conducting plates (one metal plate and another metalized semiconductor) are separated by a
dielectric insulator with a relative dielectric permittivity r, a thickness d and an area A. When
a voltage V ′gs is applied between the two electrodes a charge Q is accumulated according to the
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equation Q = C ′diel · V ′gs, where C ′diel is the capacitance of the device, which can be described
by C ′diel = 0 r Ad with 0 the permittivity of vacuum. With the voltage V
′
gs applied between
the back contact (usually a metal) of the semiconductor and the metal electrode (gate), an elec-
tric field develops in the dielectric which causes charges to be accumulated in the semiconductor
at the semiconductor/dielectric interface counterbalanced by charges of opposite polarity in the
metal gate electrode. The injection of charges into the semiconductor, however, requires an ohmic
like contact between the semiconductor and metal back contact. At the semiconductor/dielectric
interface these charges are distributed over a small thickness within the semiconductor.
(a) (b)
Figure 2.3.: Schematic of the operating principle of (a) a capacitor and (b) a field-effect transistor.
The transistor is then formed by breaking up the back contact of the semiconductor into two
contacts placed at the two sides of the semiconductor. These are the source S and drain D of the
transistor as shown in Figure 2.3(b). The principle of operation stays basically the same except
that an additional voltage Vds is applied across source and drain. For an n-type semiconductor
as utilized throughout this thesis, the reaction to a positive voltage V ′gs, applied to the gate is
the injection of electrons into the semiconductor from source and drain dependent on the relative
magnitude of V ′gs and Vgd (the relative voltage between gate and drain). The current Id, flowing
through the semiconductor from source to drain, describes the motion of these electrons driven by
the drain voltage Vds and controlled by V ′gs. Id can be calculated using the equivalent circuit shown
in Figure 2.4. The derivation of the drain current Id has been shown in literature before [61, 62]
and will be presented in short form. As a first step the total resistance Rtot is calculated as a
series of differential resistors dR(x), which results in: Rtot =
∫ L
0 dR(x), with L the channel length
of the transistor. In Figure 2.4 a discrete model is presented where always a resistor dR(x) is
coupled to an areal capacitance Cdiel. Following Ohm’s Law the drain current results in Id= VdsRtot .
The differential resistance can then be written as [62]
dR(x) = dx
eW (µn n∗(x) + µp p∗(x))
(2.1)
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with µn,p the mobility of electrons and holes in the semiconductor and n∗(x), p∗(x) the areal carrier
density of electrons and holes, respectively. Since in the case of solely n-type semiconductors, as
exclusively used in this thesis, n∗(x) p∗(x) the holes do not have to be considered any further.
Figure 2.4.: Electrical equivalent circuit of a field-effect transistor based on the description of a trans-
mission line including resistors and capacitors to describe the charge transport and charge
accumulation in the device.
The areal charge density Q∗(x) in the channel of the semiconductor can be obtained from the
local voltage drop (V (x)−V ′gs) over the dielectric by
Q∗(x) = −e n∗(x) = Cdiel (V (x) − V ′gs) (2.2)
where Cdiel resembles the areal capacitance of the gate/dielectric/semiconductor capacitor. The
voltage V (x) for a constant current Id over the entire channel length can be obtained by simple
proportionality of a voltage divider








and Rtot = R(L). (2.3)
To derive the differential areal charge density dQ∗(x), eq. (2.2) is differentiated and eq. (2.1) and
eq. (2.3) are inserted into the derivative of eq. (2.2). It yields:






Assuming the voltage V (x) in the channel is steady and monotonous and with the boundary
condition Q∗(0) = Cdiel V ′gs as well as Q∗ = e n∗(x) the differential equation





can be solved and results in
Q∗(x) = −








µnCdielW (Vds − 2V ′gs)
. (2.7)






The drain current Id then can be written as Id= V
′gs
Rtot
. With the additional introduction of the









∗ µn (Vgs − Vth)2 for Vds > Vgs − Vth (saturation regime). (2.10)
Thereby the threshold voltage Vth is related to the areal trap density in the channel by ntrap =
CdielVth/d. With this set of equations the output characteristic curves of a field-effect transistor
can be described.
For the analysis two types of measurements are performed: (1) a sweep of Vgs with constant
Vds and (2) a sweep of Vds with constant Vgs. The first one is called transfer characteristics, the
latter is called output characteristics. Figure 2.5(a) shows a theoretical transfer characteristic
and Figure 2.5(b) theoretical output characteristics of an FET. These two figures describe the
dependency of the drain current Id on the drain voltage and gate voltage, respectively. The
specific carrier mobility µn of the material is thereby usually replaced by the device specific
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field-effect mobility µFET. For electrolyte gated FTs as used exclusively throughout this thesis
the areal capacitance Cdiel of the gate/dielectric/semiconductor capacitor is replaced by the areal
double layer capacitance Cdl.
(a) (b)
Figure 2.5.: Theoretical transfer curve with indicated off and on state (a) and output characteristic
curves with indicated linear, non-linear and saturation regime (b) calculated from eq. (2.9)
and (2.10)
Concerning the time constants of an FET, the transit time τtransit describes the time it takes
for electrons to drift from source to drain. This time is related to the channel length, the electron





The transit time τtransit describes the minimum time an electron needs to travel in the channel







The geometry of MOSFETs can be designed in many different ways. Two possibilities can be seen
in Figure 2.2 and 2.6. On non-conductive substrates mostly a top gate geometry is used, where
the gate dielectric is deposited on top of the channel material, followed by the gate electrode (see
Figure 2.2).
Figure 2.6.: Schematic of a back gate MOSFET with the source and drain electrodes in red, the gate
dielectric in yellow, the semiconductor in green and the substrate/gate electrode in blue.
On a conductive substrate such as highly doped silicon, in most cases an insulating oxide layer like
SiO2 is prepared on top of the substrate acting as gate dielectric and the conductive substrate as
gate electrode (see Figure 2.6). Silicon based metal oxide semiconductor MOSFETs are thereby
mostly inversion mode devices. They are characterized by highly n-doped, metal like source and
drain electrodes and a p-doped semiconductor connecting the two electrodes.
(a) (b)
Figure 2.7.: Schematics of a top gate MOSFET with (a) Vgs<Vth (depletion mode) and (b) Vgs>Vth
(inversion mode). Source and drain electrode are plotted in red, the gate dielectric in
yellow, the depletion layer in light blue, the channel in green and the substrate in dark
blue.
This n-p-n-structure ensures very low off currents due to the opposing p-n-junction on each side of
the channel region. With application of a positive voltage at the gate, a depletion layer forms and
with increasing Vgs an n-conducting channel develops at the semiconductor/dielectric interface
(see Figure 2.7(b)). Such devices are called inversion mode FETs. Another type of transistor,
which is actually used in this thesis, is the FET working in accumulation mode. Figure 2.8
shows the schematics of such an accumulation mode FET. In this case a poorly conducting n-type
semiconductor is used as channel material between two likewise n-type source and drain electrodes.
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By applying a positive voltage at the gate, the conductivity is increased and the device can be
switched on.
Figure 2.8.: Schematic of a top gate accumulation mode MOSFET with a voltage applied at the gate
electrode Vgs>Vth. Electrodes (source, drain and gate) in red, gate dielectric in yellow,
substrate in orange and channel in light red
Such an accumulation mode device has already been introduced for an in-plane device geometry
by, e.g., Dasgupta et al. [2, 20, 22, 23]. In-plane FETs are gated with a liquid electrolyte solution
or, as in the present thesis, by a composite solid polymer electrolyte (CSPE) to create an electric
field at the semiconductor/electrolyte interface. The specialty of the electrolytes is that electri-
cal double layers at the two spatially separated gate/electrolyte and electrolyte/semiconductor
interface are formed. Further details are described in section 2.3. Three advantages of these elec-
trolytes are, first that the generated capacitances are extremely high, second that they enclose
the semiconductor very intimately even for very complex nanostructures and third electrolytes are
easily printable. An example of such an electrolye gated FET is shown in Figure 2.9. Electrolyte
gating allows for an ultimate field and gating effect.
Figure 2.9.: Schematic of an electrolyte-gated, in-plane gate geometry FET with nanoparticulate chan-
nel material [22]
Figure 2.9 shows such a device with the electrodes all structured in the same plane, a nanopartic-
ulate channel and electrolyte connecting channel and gate.
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In 1986 a first report of a novel geometry for FETs was reported by Uchida et al. [63].
A vertical channel FET (v-FET) based on amorphous silicon technology was reported. The
consequences of a rotated channel orientation can be a reduction of the channel length and a
reduced lateral expansion. Miniaturizing these two geometrical factors enhanced the performance
of silicon based FETs and was one of the driving forces for the progress of silicon technology in the
last decades. Rotating the semiconductor in the transistor by 90 ° from a horizontal to a vertical
direction is the easiest way to realize a v-FET and does not raise the need for new materials or
technologies. However, using this approach, only the spatial extension is changed with the new
device geometry. A more sophisticated approach of preparing a v-FET is the use of semiconducting
nanowires as channel material (see Figure 2.10(a)). The nanowires are vertically aligned between
source and drain electrode, which are located on top of each other. They get covered with a
dielectric and a gate electrode, respectively, and create an array of single transistors, which can
be addressed all together using a single gate electrode. Anyhow, this technique needs complicated
and elaborate preparation techniques and is thus not of particular interest for mass production
[64–66].
(a) (b)
Figure 2.10.: (a) Schematic of a v-FET base on nanowires wrapped up in a dielectric and a gate
electrode. (b) Schematic of a v-FET with a back gate geometry using graphene as
penetrable source electrode.
A simpler way of preparing a vertically aligned channel geometry is to stack thin films in the
right order (source/semiconductor/drain). The problem arising with this vertically aligned FET
geometry is the gating. Using compact semiconductor materials, a gating is only possible at
the edges of the channel. The result would be a ring channel geometry. To utilize the bulk
semiconductor in between the drive electrodes, the field-effect needs to address the material in the
middle of this ring as well. To achieve this, the gate electrode is placed underneath the channel
region and is insulated with a dielectric. On top of it, a thin source (bottom) electrode is deposited,
followed by the semiconductor and the drain electrode, subsequently. The electric field to turn
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the semiconductor from insulating to conducting is then established between gate and drain. The
thin source electrode can thereby be penetrated and does not hinder the field from developing.
Such a source electrode can be made of, e.g., graphene (see Figure 2.10(b)) [67]. In this thesis a
new porous semiconductor is introduced to prepare a novel v-FET that can be printed.
2.3 Electrolyte Gating
Electrolyte gating can be applied for in-plane gate geometry FETs, as well as porous channel FETs
to contact the inner surfaces of the material. Following the general introduction of electrolytes,
the specific demands to the electrolytes are discussed in section 2.3.2. Since the technique of
electrolyte gating and its generalization to composite solid polymer electrolyte(CSPEs) gating is
exclusively used throughout this thesis the mechanisms and processes occurring in the bulk of the
electrolytes as well as close to the electrolyte/gate and electrolyte/semiconductor interfaces are
described and some theoretical as well as application relevant considerations are made.
2.3.1 Liquid Electrolytes
For printed electronics, new gating approaches such as the use of electrolytes have been pro-
posed [68–70] to overcome problems of printing soluble solidifying dielectrics with high dielectric
constants on rough semiconductor surfaces. The utilized electrolytes are salts dissolved in polar
solvents. The functional principle of such electrolytes is as follows: in the solvent the salt ions dis-
sociate into anions and cations, which disperse homogeneously within the solution. If an electric
field E is generated by means of an applied voltage or by a built-in potential between gate/elec-
trolyte/semiconductor and source of an FET, the dissociated ions of the electrolyte experience
the force F = q · E and drift towards the electrodes of opposite sign.
Schematic sketches of three different charge distributions after charge drift in the electric field
E are shown in Figure 2.11. The first to realize the principal of charge pile up at the electrodes
was Hermann von Helmholtz. He described in 1879 for the first time the existence of a layer of
charges directly in touch or maximally divided by a solvation shell from the metal electrode car-
rying the opposing polarity charges. Helmholtz considered the electric double layer as a classical
capacitor, only depending on the dielectric constant and the distance between electrode and ions.
Louis G. Gouy and David L. Chapman in 1910 and 1913 made the observation that the magni-
tude of the areal capacitance was dependent on the applied voltage and included charge diffusion
and intermixing with the electrolyte into their model. In their model the electric field decreases
exponentially with distance from the electrode and thereby follows a Maxwell-Boltzmann distri-
bution. Finally, in 1924 Otto Stern combined the two models and claimed that some ions actually
approach the surface and form a Helmholtz double layer but some form a diffuse Gouy-Chapman
layer. The latter model explains the functional principle of an electrolyte solution in contact with
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two electrodes as it occurs in electrolyte-gated FETs (EG-FETs) and will be used in the present
thesis.
(a) Neutral Electrolyte (b) Helmholtz Model
(c) Gouy-Chapman Model (d) Stern Model
Figure 2.11.: Schematics of an electrolyte solution in between a conducting and a semiconducting
electrode: (a) without an applied field spurious charges may occur at the interfaces due
to the different Fermi energies of metal and semiconductor, (b) presence of a Helmholtz
double layer under an applied electric field, (c) presence of a diffuse double layer following
the Gouy-Chapman model and (d) combination of (b) and (c) by the Stern model.
The most important effect of the charge separation in the electrolyte is the accumulation of
charge within the electrolyte at the gate/electrolyte and the electrolyte/semiconductor interfaces,
respectively. Thereby the accumulated ions are counterbalanced by charges in the metal gate and
in the semiconductor. The so formed double layers of charges of opposite sign are called electrical
double layers and establish a high areal capacitance due to the close proximity of the positive and
negative charge carriers to the respective electrodes. The charges in the oxide semiconductor as
used in this thesis are majority carriers, namely electrons, when a positive voltage is applied to the
gate and vice versa for a negative voltage. In case of electrons the charges accumulate in a very
narrow layer of the semiconductor facing the electrolyte whereas in case of the negative applied
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voltage to the gate electrode, electrons are pushed out of the semiconductor into the source and
drain contacts. This leaves behind a depletion layer of spatially fixed positively charged donors,
which constitutes the reason why electrons are mobile and positive charges in form of ionized
donors are immobile in this type of semiconductor. The high areal capacitance established by
the electrical double layer is favorable for the FET since this allows to generate a high density
of electrons for a small gate voltage. As mentioned before positive charges in the electrolyte
thereby approach the electrons in the semiconductor at a distance comparable to the radius of
the solvation shell surrounding the positive ions. The same configuration can be found at the
gate/electrolyte interface where negative ions from the electrolyte are piled up at the metal gate
at a distance comparable to the solvation shell surrounding the electrolyte ions. In between these
two capacitors the electrolyte is almost free from the electric field and the bulk is therefore nearly
electrically neutral (see Figure 2.11). It is still possible to conduct ions in the electrolyte since
dissociation of the salt is still present. A simple electrical equivalent circuit of the situation is
shown in Figure 2.12.
Figure 2.12.: Simple equivalent circuit of the gate/electrolyte/semiconductor system as a representative
of an EG-FET.
The equivalent circuit consists of two capacitances and a connecting resistor. The total capacitance
C ′tot is thereby the series connection of the capacitance C ′Sc/elec of the semiconductor/electrolyte









The electric field in the electrolyte after charge separation is no longer uniform. It is very high
in the interface regions and very low in the remaining bulk of the electrolyte. Due to the charge
separation it is possible to generate a very high electric field with relatively small voltages. It is
even possible to enhance the electric field by using a gate electrode area, which is much bigger
than the actual gated semiconductor area. In this case C ′elec/gate is becoming much bigger than
C ′Sc/elec and the voltage drop is not equally shared between the two capacitors but drops almost
exclusively across C ′Sc/elec. This can result in an increase of the electric field by almost a factor
of two, which is a great improvement because of the electric field leading to charges being pulled
into the transistor channel.
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The ohmic nature of the resistance Relec can be understood by the fact that the specific
conductivity σel
σel = e(nion+µion+ + nion−µion−) (2.14)
is constant and the bulk stays electrically neutral so no space charge accumulates and causes space
charge effects like nonlinear resistances. The neutrality requires that the local charge densities
nion+ and nion− are equal in the bulk. This requirement is fulfilled, since the salt is completely
dissolved. The ion mobilities µion+ and µion− are also constant and are known from literature to
range between 9·10−4 cm2V−1 s−1 and 1.8·10−2 cm2V−1 s−1 [71]. An estimate of the resistance







where L is the length and A the area of the resistor. Knowing Relec and C ′tot one can determine
the actual charging time τ of the transistor, which is given by the Maxwell relaxation time. The
relation is described in eq. (2.16)
τ =  · 0
σel
= Relec · C ′tot (2.16)
This equation holds only, if other time constants like the one for charging the channel are much
smaller than the Maxwell relaxation time τ . The electric field created by the Helmholtz and
Gouy-Chapman double layer can reach values up to 10MVcm−2 on a distance of a few nanome-
ters. This distance is determined by the solvation shell, which defines the distance between
electrode/channel and ions. This corresponds to an areal capacitance of 1 - 10µF cm−2. Besides
generating such large capacitances C ′Sc/elec at the semiconductor/electrolyte interface further ad-
vantages of electrolyte gating should be mentioned. First of all the involved solutions are easily
printable and secondly the solutions are particle free and therefore adapt exactly to the surface
roughness of the printed semiconductor. This implies that the interface quality of the semiconduc-
tor does not play a role with printed electrolyte films at all, as long as the electrolyte can contact
the semiconductor surfaces. Furthermore, the choice of substrate is not an issue for the electrolytes
in printed electronics anymore. Electrolytes can be processed at room temperature and do not
need high temperatures to form good interfaces as for example oxide dielectrics. Therefore, the
need to use rigid and temperature stable substrates like glass or silicon is not given anymore.
Electrolytes can be processed on flexible substrates like PEN or PET, which also qualify for high
throughput roll-to-roll processes.
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2.3.2 Composite Solid Polymer Electrolyte
Since the liquid state of the electrolyte is not really suitable for application in daily use, solidi-
fication of liquid electrolytes is necessary without loosing the functionality. Different approaches
have been suggested so far, i.e., the use of solid polymer electrolytes [72], ionic gels [73] and com-
posite solid polymer electrolytes [20, 22, 23]. All these materials are based on liquid electrolytes
mixed with polymers like polyvinyl alcohol (PVA) or polyethylene oxide (PEO) ensuring a solid
matrix for the electrolyte. Consequently, the polymer has to be chosen in such a way that the ion
mobility is still sufficiently large in the solid state. Furthermore, the solution has to be printable,
meaning soluble, and manageable at ambient conditions. Ion gels, as the solid equivalent of ionic
liquids are moisture sensitive and degrade under ambient conditions quickly and solid polymer
electrolytes usually suffer from poor ionic conductivity (see appendix, table E.1). The composite
solid polymer electrolyte on the other hand preserves the high ionic conductivity of the liquid
electrolyte because the solvents are chosen such, that they do not evaporate entirely and thus
enables a fast ion movement even in a “quasi” solid state.
To make the material printable a solvent has to be added to reduce the viscosity to a value
where the material meets the requirements of the inkjet printer. An ink with good printability
usually has a surface tension of 10 - 20 cP and a viscosity of 10 - 50mNm−1. The CSPE solution
with values in this range is then printed in a liquid state and solidifies during the evaporation of the
solvent. The liquid application creates a conformal gate/electrolyte and electrode/semiconductor
interface. This interface quality is necessary to ensure a homogeneous formation of the electrical
double layer as described before.
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3 Experimental
3.1 Material and Device Characterization Methods
In the following section, the characterization methods used in this thesis are presented. Chemical,
mechanical and imaging techniques are introduced and the electrical device characterization is
discussed in detail.
3.1.1 Differential Scanning Calorimetry
In order to study the phase transition of the remaining liquid in the investigated composite solid
polymer electrolytes (CSPEs) the technique of differential scanning calorimetry (DSC) is used.
It is a thermoanalytic technique and is used to measure the change in the heat capacity of the
sample during heating and cooling. The samples have therefore been heated up and cooled down
linearly together with a standard reference such that both are kept at the same temperature. The
necessary energy to maintain the identical temperature is recorded. If the heat capacity of the
reference is known, the one of the investigated sample can be determined. In case of change in
state of aggregation, the heat capacity versus temperature diagram exhibits characteristic features,
which can be assigned to endothermic and exothermic processes, which then reflect certain phase
transition like a crystallization or the occurrence of a glass transition. The measurements are
performed using the DSC 30 from Mettler Toledo equipped with a patented DSC sensor with 120
thermocouples guaranteeing very high sensitivity. Measurements are performed in a temperature
range between -100 °C and 25 °C with a ramping speed of 10 °Cmin−1.
3.1.2 Micro-Tensile Testing
Tensile testing is used in this thesis to determine the mechanical properties by means of
stress/strain behavior of CSPE samples. Thereby a sample is stretched with a certain rate and













where Lst is the length under stress, Lst,0 the initial length of the sample, Fn the tensile force in
normal direction to A, which is the cross section of the sample.
In the present study 16mm×10mm dried CSPE strips are mounted in the micro tensile testing
machine from Kammrath and Weiss GmbH, Dortmund designed to perform load experiments on
small samples. The films are clamped into one static and one movable jaw covering 4mm of the
sample length each. At the beginning of the experiment the distance between these two clamps is
accordingly fixed to 8mm and a pulling speed of 10µms−1 is utilized to stretch the sample. The
tensile stress is recorded by means of a force gauge and plotted with respect to strain.
3.1.3 Rheology
Rheology measurements are performed for to CSPEs to understand the solidification process
and the temperature dependent viscosity of the dried material. The liquid CSPE is mounted
between two plates, which are rotated against each other. The measured properties are the
storage modulus and the loss modulus, which basically indicates how much of the energy put into
the system via rotation is stored and regained during relaxation. The difference is the lost energy
due to deformation or heat development. By analyzing these quantities it is possible to make a
conclusion about the viscoelastic state of the CSPE. In the dried state of the CSPE the technique
is also suited to investigate the temperature dependence of the storage and loss modulus.
The shear modulus measurements are performed in the Compact Modular Rheometer MCR
501 from Anton-Paar. To determine the temperature dependence of the moduli one plate of
the rheometer is exchanged by another plate combined with a Peltier element of a diameter of
8mm (PP08/TG). The gap is 0.05mm and is automatically adjusted and controlled during the
experiment to maintain zero normal force on the sample. The rotation amplitude is 0.1% of the
gap and the angular frequency is 1 rad s−1.
3.1.4 Scanning Electron Microscopy
To investigate the morphology of the porous structure of SnO2 scanning electron microscopy
(SEM) is used. To generate the image of the structure the SEM uses a focused electron beam
with energies between 1 and 30 kV, which is scanned across the sample. The electron beam thereby
interacts locally with the sample in high vacuum producing secondary electrons, Auger electrons,
backscattered electrons and characteristic X-rays (see Figure 3.1). The intensity of one of the
secondary species (in the present case those of the secondary electrons) is recorded simultaneously
with the location of the focus of the electron beam and thus generates a high spatial resolution
image. The spatial resolution is limited to the size of the ionized volume, which can be as small
as 1 nm in diameter.
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Figure 3.1.: Schematics of the interaction between a focused electron beam and sample. From the
interaction volume different secondary species are emitted as indicated.
SEM analysis can be performed on all kinds of solids. For soft matter and insulating materials,
a thin layer of a conductive coating like gold or carbon, has to be applied to avoid charging effects
and ensure structural integrity. The utilized scanning electron microscope is the Model Leo1530
from Zeiss Jena.
3.1.5 Transmission Electron Microscopy
In this study transmission electron microscopy (TEM) is used to investigate the crystallinity of
porous SnO2 as used in the semiconductor structure of the vertical field-effect transistor. Therefore
very thin slices of the SnO2 have to be prepared (< 100 nm) in order to be penetrated by the high
energy electron beam with energies of up to 300 kV. The penetrating electrons interact with the
atoms of the sample by means of elastic and inelastic scattering processes. The transmitted beam
then contains information about the crystal structure, crystal composition, etc. The resolution,
depending on the sample preparation, can be as high as 0.5Å, which allows for the analysis of
the crystal lattice (crystal structure, defects, etc.) on the atomic scale. The utilized transmission
electron microscope is an aberration (image) corrected Titan 80-300 TEM from FEI Company
operated at an acceleration voltage of 300 kV. It is equipped with an US1000 slow scan CCD
camera from Gatan, Inc. for TEM imaging and a high angle annular dark field detector from
Fischione Instruments for scanning TEM (STEM) imaging.
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3.1.6 Electron Tomography
To determine the porosity of the SnO2 the technique of electron tomography is employed. It uses
the TEM technique allowing for the construction of high resolution three dimensional images. In
electron tomography the sample is now rotated around one axis and images are taken at increment
angles. These individual images are used afterwards to mathematically reconstruct a 3D image.
The utilized TEM is the same as described in section 3.1.5.
3.1.7 Impedance Spectroscopy
In the present thesis the technique of impedance spectroscopy is used with the goal to determine
the electrical properties of the investigated CSPEs and to find an equivalent circuit, which is
able to describe the measured data correctly. Thereby impedance spectroscopy is a noninvasive
technique, in which the electrical response to an applied AC voltage V (t) to the actual sample is
measured and evaluated in terms of an electrical equivalent circuit. The applied sinusoidal signal,
when represented by a complex valued function, can be written in form of the following equation
V (t) = |V0|ei(ωt) (3.3)
where V0 is the amplitude of the signal and ω the angular frequency. The response signal I(t)
with the amplitude I0 is shifted by a phase angle ϕ and is represented by
I(t) = |I0|ei(ωt+ϕ) (3.4)
From the applied voltage V (t) and the response current I(t) the impedance can be stated in
analogy to Ohm’s law as follows:





Thus the impedance is defined in terms of the absolute value |Z| = |V0||I0| and the phase angle ϕ.
The acquired raw data can be plotted in two different ways: (1) as Bode plots, which show
|Z| and ϕ with respect to the frequency f and (2) as a Nyquist plot, which shows the imaginary
part of the impedance Z ′′ with respect to the real part Z ′. Figure 3.2(a) and 3.2(b) show typical
Bode plots whereas Figure 3.2(c) displays a typical Nyquist plot.
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(a) (b) (c)
Figure 3.2.: Exemplary Bode plots (a) and (b) and Nyquist Plot (c).
For analysis, an equivalent circuit is developed. Every component of this equivalent circuit rep-
resents a physical process in the measuring setup. Figure 3.3 displays exemplarily the equivalent
circuit, which represents the data shown in Figure 3.2.
Figure 3.3.: Equivalent circuit of a simple electronic system consisting of two capacitors and one resistor.
The impedance measurements are conducted with a Biologic SP-150 Value Oriented Research
Grade Electrochemical Impedance Spectrometer with capabilities for potentiostatic/galvanostatic
measurements in the frequency range from 1Hz to 1MHz. An AC voltage amplitude of Vac = 5mV
is applied. The system measures at 15 frequencies per decade and averages over 50 measurements
for each frequency. Due to a large physical distance between the impedance spectrometer and the
measuring cell relatively long cables had to be used to connect to the sample.
3.1.8 Electrical Characterization of FET
Since the main topic of this thesis is the fabrication and characterization of electrolyte-gated
field-effect transistors the methods for the determination of the most important performance
parameters are highlighted. The Shockley equations 2.9 and 2.10 as displayed in section 2 serve
as the theoretical basis.
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(a) (b)
Figure 3.4.: Transistor characteristics of an in-plane electrolyte-gated printed FET measured at 30 °C.
(a) transfer characteristics (green) and the
√
Id curve (blue) and (b) output characteristics
for different gate voltages Vgs.
The transfer and output curves are analyzed and the characteristic device properties such as
off-current, on-current, on/off-current ratio, subthreshold swing, threshold voltage and field-effect
mobility are extracted from the two characteristics as exemplarily shown in Figure 3.4 in the
following way:
• The on/off-current ratio is determined from the current difference of the drain current Id at
gate voltage Vgs= 0.0V and Vgs= 0.9V. On- and off-currents are consequently extracted at
the current values of the respective Vgs values.
• The subthreshold swing SS is determined from the slope of the logarithmic transfer curve
(green) between Vgs = 0.0V and the threshold voltage Vth.
• The threshold voltage Vth is taken from the linear regression line of the Id1/2 curve (blue)
extrapolated towards Id1/2 = 0. Vgs at the intersection of the Id1/2 with the Vgs axis is defined
as Vth. This procedure can be understood theoretically by eq. (3.6) since for Vds=Vth the
linear regression line of the current Id1/2 becomes 0.
• The field-effect mobility µFET is determined using the slope of the linear section of the Id1/2






2L µFETCdl · (Vgs − Vth). (3.6)
30
where W is the channel width, L the channel length and Cdl the areal double layer capaci-
tance. The other variables assume their usual meaning. The square root term can then be





With the measured slope and known areal capacitance from the impedance spectroscopy [20]





This formula is much more robust than taking directly eq. (2.10) and utilizing a single data
point because the square root approach relies on multiple data points and already averages
out experimental data fluctuations. Additionally, the formula does not depend on the precise
determination of Vth. The areal double layer capacitance of an In2O3/electrolyte interface
has been measured by Garlapati et al. [20] with a similar setup as the parallel plate capac-
itor described. In their setup the In2O3 electrode was much smaller than the ITO counter
electrode and their measured areal capacitance was 4.3µF cm−2 at room temperature. In
the present study we assume the value measured by Garlapati et al. [20] and utilize the
temperature dependence of the here measured ITO/CSPE areal double layer capacitance.
The characteristics of the FETs, which are prepared as described later in section 3.3.6 and
measured at room temperature, are analyzed using an Agilent 4156C Semiconductor Parameter
Analyzer connected to a MicroSüss probe station via triaxial cables. The three electrical probes
are equipped with tungsten needles for contacting the transistor. For the temperature dependent
measurements of the sealed FETs as described in section 3.3.6 the three aluminum strips are
attached to triaxial cables. For all FETs, transfer and output characteristics are recorded for
different gate and drain voltages, respectively. The voltage range is chosen carefully to display
all FET properties and allow extracting all characteristic values of the FETs. The sweep of gate
and drain voltage is conducted with no time delay between voltage steps if not stated otherwise.
For all measurements drain and gate voltages as well as drain, source and gate currents have been
recorded simultaneously for subsequent data analysis.
3.2 Ink Preparation
In this section the fabrication of different solutions for printing is described. Ingredients are stated
and the exact preparation routines are presented.
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3.2.1 Indium Oxide Precursors
The precursor ink for the semiconducting In2O3 thin film channels is prepared by dissolving
In(NO3)3 salt in double distilled water. For better drying and printing behavior the solution was
mixed with glycerol. The final composition is a 0.05 molar solution containing 0.15 g In(NO3)3
(99.99%, Sigma Aldrich), 8 g of double distilled (dd) water and 2 g glycerol (99.5%, Merck Milli-
pore)(Figure 3.5).
Figure 3.5.: Ingredients of the In2O3 precursor solution utilizing a weight ratio of In(NO3)3 : double
distilled H2O :Glycerol= 0.15 : 8 : 2
After mixing, the solution is stirred with a magnetic stirrer with 300 rpm at room temperature until
the solution turns transparent. To finalize the process, the solution is filtered through a 0.2µm
polytetrafluoroethylene (PTFE, GE Healthcare) filter to remove undissolved starting materials.
The so prepared solution can be printed as prepared.
3.2.2 Tin Oxide Precursors
A SnO2 precursor ink has been developed to print a porous semiconductor layer. The ink is
fabricated, following the route of Brezesinski et al.[74]: first, a homogeneous solution is prepared
by dissolving 285.5mg SnCl4 and 75mg of poly(ethylene-co-buthylene)-block-poly(ethylene oxide)
(referred to as KLE) in 3.2ml of ethanol (absolute 99.5%, Merck Millipore). Subsequently, after
adding 0.3ml of water under stirring to catalyze the hydrolysis reaction, the resultant mixture is
aged for about 24 h before it was used for printing.
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(a) (b)
Figure 3.6.: Chemical structure of two block-copolymers used for preparation of porous SnO2 films: (a)
poly(ethylene-co-buthylene)- block-poly(ethylene oxide) and (b) poly(isobuthylene)-block-
poly(ethylene oxide)
The entire process is carried out at ambient conditions. A second solution was prepared using
poly(isobutylene)-block-poly(ethylene oxide) (PIB-b-PEO) as a micelles forming polymer. All
other ingredients were kept the same. Figure 3.6 shows a schematic structural chemical formula
of the two used block-co-polymers.
3.2.3 Composite Solid Polymer Electrolytes
The composite solid polymer electrolytes (CSPEs) are prepared from lithium perchlorate (LiClO4,
99.99%, Sigma Aldrich GmbH) and propylene carbonate (PC anhydrous 99.7%, Sigma Aldrich
GmbH), which are mixed in a mass ratio of 1 : 9 in a sealed glass vessel and stirred at room
temperature until a transparent solution is obtained. In a different vessel, polyvinyl alcohol
(PVA, hydrolyzed 98%, Sigma Aldrich GmbH) and dimethyl sulfoxide (DMSO, anhydrous 99.9%,
Sigma Aldrich GmbH) are mixed at a mass ratio of 1 : 10 at 50 °C for 12 h. All chemicals are used
without further purification. Finally, the first solution is slowly poured into the second one under
continuous stirring up to a mass ratio of 7 : 30, while the vessel is placed on a hot plate at 50 °C.
The final solution (CSPE-1) after turning completely transparent and homogeneous, is filtered
through a 0.2µm (PTFE, GE-Healthcare) filter. In an analogue way, two more electrolytes have
been prepared with PC substituted by mixtures of PC :DEC (≥ 99%, Sigma Aldrich GmbH)
(1 : 1) and PC :EMC (99%, Sigma Aldrich GmbH) (1 : 1) (CSPE-2 and -3). Figure 3.7 displays a
schematic diagram of the structural chemical formula of the utilized compounds and compositions.
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Figure 3.7.: Ingredients and composition of three analyzed CSPEs.
3.3 Device Preparation
In the following section the preparation routines of the samples used for mechanical and chemical
testing as well as the fabrication of devices for electrical characterization throughout this thesis
are presented.
3.3.1 Samples for Mechanical Testing
To investigate the mechanical properties of the CSPEs samples are prepared as solid films produced
by controlled solvent evaporation from the liquid mixtures filled in petri dishes. After several days
under ambient conditions a transparent rubber like film has formed, which was used after showing
constant weight for the following 3 days. At this point the samples are considered to be in a stable
state. For tensile stress measurements a 16mm × 10mm piece was cut out of the rubber like
film.
The samples for rheology measurements were prepared by infiltrating the liquid CSPE in
between the plates of the rheometer under constant flow of 200 lmin−1 of dry air. In order to keep
the measuring conditions constant with time the normal force was set to zero so that a volume
reduction would not cause a detaching of the sample. After a solidification period of 60 h the
experiments indicated constant properties and the samples were considered to be stable.
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Differential scanning calorimetry samples have been prepared in aluminum boats by drying
the liquid CSPE solution until a constant weight was reached. After solidification, the sample was
sealed hermetically to ensure no mass loss for the duration of the experiment.
3.3.2 Laser Ablation
For the preparation of passive electrode structures a laser ablation technique has been used, which
utilizes a pulsed infrared (IR) laser (Trumpf, TruMicro 5050) with a wavelength of 1030 nm, a pulse
length of < 10 ps and a maximum pulse energy of 250µJ. The pulse frequency is set to 800 kHz
with a mean power of 50W. With an optical setup for precision scanning an ablation width of
∼20µm is achieved with a positioning accuracy of 5µm. The mechanism of this technique is cold
ablation. It is based on the effect, that energy, deposited by the laser light is rapidly re-emitted
by means of ionized atoms.
Figure 3.8.: Schematic of a Coulomb explosion after local ionization due to an IR laser pulse irradiation.
The ablation works on the principle of Coulomb explosion. The highly focused laser pulse ionizes
many atoms in a defined area and the electrostatic Coulomb force causes repulsion of the ions
from each another. This resulting force is strong enough to break atomic bonds in the solid and
thus evaporates the ionized species in the exposed area. In this way the deposited energy has no
time to convert into heat, which would dissipate into the substrate. Figure 3.8 shows a schematic
of the process.
3.3.3 Electron Beam Lithography
Electron beam lithography is used to structure the electrodes of the vertical FET (v-FET) to be
introduced in section 5. For the lithographic structuring of the gate and source on a substrate of
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Si/SiO2 poly(methyl methacrylate) (PMMA 950K, Allresist) as an energy sensitive resist is de-
posited by spin coating with 8000 rpm for 60 s followed by an annealing step at 160 °C for 30min.
The resulting 180 nm PMMA is exposed to 30 keV electrons using a Raith Elphy Plus pattern
processor system attached to the above mentioned scanning electron microscope Model Leo1530
from Zeiss Jena.
Figure 3.9.: Schematics of the process of electron beam lithography showing a PMMA covered substrate
(left), a structured PMMA covered substrate with exposed regions after electron irradiation
and developing (middle) and the final structures made of platinum by sputter deposition
and lift off technique (right)
The irradiated portion of the resist is removed in a 1 : 3 mixture of MIBK1 and Isopropanol, which
leaves the non-irradiated PMMA unaffected. This PMMA mask is now used to deposit platinum
or the material of choice on top of the remaining resist and into the exposed regions. The final
lift-off process is performed in acetone in an ultrasonic bath, which removes the excessive resist
with the Pt on it, leaving the Pt in the exposed regions unaffected. Figure 3.9 shows a schematic
of the process.
3.3.4 Inkjet Printing
For device preparation on laboratory scale a flexible and precise printing technique is indispensable.
The chance to quickly change designs is a prerequisite for a fast progress and development. A
precise deposition of the printed materials and thus a high resolution is of utmost importance for
reproducible device fabrication. An inkjet printer as shown in Figure 3.10, provides these features
as a digital printing technique with a resolution of ∼20µm and a deposition accuracy of ∼5µm.
An inkjet printer consists of a stage to place the substrate and a printhead where the nozzles are
located. The ink is stored in a reservoir that is connected to the nozzles. Piezoelectric crystals in
the nozzles oscillate with a base frequency and amplitude to keep the liquid in motion and avoid
drying at the orifices. In this state the amplitude is not big enough to form and eject a droplet. If
a droplet is wanted to be ejected an additional electrical pulse with a certain wave function and
phase angle has to be applied to the piezoelectric crystal in order to force the droplet to form and
leave the nozzle. The distance between printhead and substrate can be adjusted in the range of
0.1mm to 2mm depending on the substrate structure and the drop formation. After leaving the
1 methyl isobutyl ketone
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nozzle it takes a while for the droplet to reach a stable shape. The utilized distance to achieve
such a stable shape is the minimum gap between nozzles and substrate required to maintain good
and stable printing conditions.
Figure 3.10.: Picture of a Dimatix 2831 desktop inkjet printer as used throughout this thesis.
The size of the droplets on the substrate depends on the interaction between substrate and
ink. The Figure of merit describing the behavior of a liquid on a surface is the contact angle Θ
and the surface energies of the liquid σL, the solid σS and the interface liquid/solid σLS . The







One can see that a decrease of σS corresponds to a decrease in contact angle and vice versa
for σL. With a larger contact angle the same amount of liquid is occupying less space on the
substrate, which results in a smaller droplet size. The surface tensions can be influenced by
surface treatments with oxygen plasma or chemicals to increase σL or the addition of polymers
to the liquid solution to reduce σS . By this means the ink/surface interaction can be influenced.
Independent of the interaction of droplet and substrate, the size of the droplets can be controlled
by the voltage pulse shape and magnitude applied to the piezoelectric crystal. The higher the
applied voltage, the more ink is ejected from the nozzle orifice and the higher escape velocity is
reached. As a consequence the diameter of the droplet on the substrate increases.
There are also problems with inkjet printing, which should be mentioned. The common
ones are clogging of the nozzles, a related change of droplet shape and direction of motion and
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the appearance of satellite drops. The consequence of a high viscosity solvent can be a failed
drop formation after all. A low boiling point and high vapor pressure of the solvent can lead
to excessive evaporation of the solvent leaving unresolvable remains, e.g., nanoparticles at the
orifice. In nanoparticulate dispersions, agglomeration can occur due to poor or no stabilization of
the nanoparticles in the solvent and can cause clogging of the nozzles. For primary particles the
rule is that the ratio between the orifice of the nozzle and the diameter of particles should be at
least 100:1. A change in drop forming behavior and the formation of satellite droplets is caused
by remains of clogged nanoparticles at the nozzle orifice. To avoid this phenomena the surface
tension of the nozzle material and the ink have to be well adjusted.
The printing of channel materials and CSPEs is performed using a commercial Dimatix 2831
desktop inkjet printer (see Figure 3.10). The distance between printhead and substrate is chosen
in a way that a good drop formation is ensured (∼ 400µm). The jetting frequency is set to 5 kHz
and the drop spacing is adjusted to fit the requirements of the respective application. The jetting
voltage is between 25V and 40V depending on the viscosity and geometric requirements of the
film to be deposited. Before printing a cleaning of the nozzles is performed ensuring a good and
reliable drop ejection and formation.
3.3.5 Fabrication of Parallel Plate Capacitors
In order to measure the electrical properties of the CSPE by impedance spectroscopy a parallel
plate capacitor is fabricated. The electrodes are prepared by laser ablation starting from ITO
coated glass substrates. The capacitor is constructed by two glass slides with laser structured
ITO electrodes of 2× 1mm2 facing each other as shown in Figure 3.11.
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Figure 3.11.: Schematics of a parallel plate capacitor located in a Teflon boat. The second spacer on
top of the plates is left out for better visibility of the setup. Reprinted with permission
from [75]
In order to ensure exact parallel alignment spacers with thickness of 1mm are attached on each
side of the glass plate. The entire assembly is placed in a Teflon vessel, which serves as the
reservoir for the CSPE, when still in the liquid state. With advancing solidification, the CSPEs
undergo a mass loss of ∼ 90%. To account for it, the Teflon vessel is filled with the suited amount
of liquid CSPE, to ensure that the final solid CSPE level matches the electrode height at the
end of solidification process. The assembling of the parallel plate capacitors and the solidification
processes are performed in an argon filled glove box.
3.3.6 Preparation of In-Plane Geometry FETs
The passive structures (electrodes) of the FETs are patterned from an ITO coated glass, using
laser ablation. The FETs are prepared following the in-plane device geometry, as shown in the
inset of Figure 3.12. The channel length is fixed to 50µm.
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Figure 3.12.: Schematics of a fully processed in-plane FET. Electrodes are contacted by silver paste to
aluminum stripes, which feed through the pouch protecting the device against external
influences. The inset shows the channel in yellow with a CSPE layer covering the channel
and a large portion of the gate electrode. Reprinted with permission from[75]
The structuring of the electrode is followed by a cleaning procedure using subsequently isopropanol
(for analysis 99.5%, Merck Millipore), acetone (for analysis 99.8%, Merck Millipore) and ethanol
(absolute 99.5%, Merck Millipore). The In2O3 precursor and the CSPE are printed using the
Dimatix 2831 desktop inkjet printer. The channel is prepared using the precursor solution de-
scribed in 3.2.1. After printing the precursor, the substrate is placed on a hotplate at 100 °C for
10min, followed by a heating step at 400 °C for 2 h in a box furnace (Nabertherm P330). To avoid
contamination of the transistor channel, the CSPE is printed immediately after the annealing.
A schematic of the channel region with printed CSPE can be seen in the inset of Figure 3.12.
The electrolyte is printed to completely cover the channel and a large part of the gate electrode.
Following the transistor preparation, aluminum stripes are connected to source, drain and gate
electrodes. Then the device is sealed in a plastic pouch with Al-stripes leading out of the pouch
for later contacting (schematically shown in Figure 3.12). To ensure good thermal contact for the
measurement of the temperature dependent transistor characteristics, the substrate is glued to the
inside of the pouch using a double sided electrically conducting carbon tape. Finally, the pouch
is sealed by thermally interconnecting the plastic of the pouch with the aluminum contacts.
3.3.7 Preparation of Vertical Channel Geometry FETs
The vertical channel structures are prepared on Si/SiO2 substrates with a 200 nm SiO2 layer.
The electrode structures consist of platinum (Pt, 99.99%) and are structured by electron beam
lithography. The Pt layer with a thickness of 100 nm is deposited in an ultrahigh vacuum chamber
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using radio frequency sputtering. The pressure in the chamber is established by a constant flow
of argon with a flow rate of 20 sccm to 3.3 · 10−3mbar. The power generator is set to a value of
20W. A 5µm thick layer of ITO was deposited as a sticking layer for better adhesion between
SiO2 and Pt. A schematic of the source and gate electrode is displayed in Figure 3.13(a).
(a) (b)
(c) (d)
Figure 3.13.: Schematics of the deposition sequence on a 200 nm thick SiO2 layer: (a) deposition of
the Pt gate and source electrode, followed by (b) the dried SnO2 precursor, which covers
the tip of the source electrode, (c) the drain electrode and (d) the final coverage with
CSPE.
In the next step a mild O2 plasma is applied using a reactive ion etching chamber (Oxford Plas-
malab 80 Plus, Oxford Instruments GmbH) for 30 seconds to clean the electrodes from remaining
resist, which improves the surface properties of the substrate for better printing of the semiconduc-
tor. The precursor solution, introduced earlier in section 3.2.2, is printed carefully onto the source
electrode. The source electrode has to be sufficiently covered by the precursor solution so that
after drying no direct electrical contact with the drain electrode exists. This would otherwise lead
to a short circuit and an unusable device. The precursor solution used for the channel preparation
thereby ensures the porosity of the channel material. The functional principle will be explained
in more detail in chapter 5. Figure 3.13(b) shows a schematic of the dried precursor material on
top of the source electrode.
After printing the SnO2 precursor, a second lithograph step is necessary to precisely apply
the drain electrode on top of the channel area. Additionally the lithograph process is used to
properly align source, channel and drain for the vertically aligned channel geometry. For the precise
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positioning of the second electrode, marker structures are added during the first lithographic
step to ease orientation on the substrate. Another platinum deposition step is performed and
afterwards a lift-off is performed to finish the v-FET structure. Figure 3.13(c) shows a schematic
of the stacked drive electrode geometry of the transistor together with a displaced gate electrode.
After deposition of the drain electrode, the channel material undergoes a final heating step to
550 °C. Thereby the micelles are removed in a carefully optimized heating procedure with a ramp
of 10 °Cmin−1 until reaching the maximum temperature of 550 °C. This temperature then was
kept for 5min followed by a cooling procedure under ambient condition down to room temperature.
This heating step is not only necessary for the removal of the block-co-polymer but also for the
conversion of SnCl4 into SnO2. Additionally, the heating is also beneficial for the interlayer contact
between the platinum electrodes and the porous SnO2 channel. Immediately after heating, the
surface tensions of porous SnO2 and the CSPE are not compatible and the infiltration of the
porous structure does not work. Thus another O2 plasma treatment is necessary to adjust the
surface tension of the porous SnO2, allowing the CSPE to penetrate the porous channels. Finally
the CSPE is deposited via inkjet printing. The CSPE is thereby applied in a way that the channel
area is completely covered to facilitate the infiltration into the channel region. In addition, a large
area of the gate electrode compared to the channel area has to be covered to enable a proper
channel formation in the porous semiconductor (see Figure 3.13(d)).
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4 Temperature Dependence of Electrical
Properties of Composite Solid Polymer
Electrolytes
After introducing the theoretical background and the basic concept of the present thesis, the
experimental results will be presented and discussed in detail. In order to find a suitable electrolyte
for the application in FETs for daily use and with sufficient durability, several different electrolytes
are tested for their chemical, mechanical and electrical properties. The aim is to find a CSPE,
which shows high ionic conductivity and areal double layer capacitance over a large temperature
range. The main focus of the present section is on the behavior of the CSPEs, especially at low
temperatures. Understanding the temperature behavior of the CSPE then helps to design an FET
with stable performance over a wide temperature range.
In this context three CSPEs are examined, which differ in the addition of liquid low melting
point additives to improve the behavior at low temperatures.
(a) (b)
Figure 4.1.: Schematics of (a) an electrolyte filled parallel plate capacitor and (b) an electrolyte-gated
nanoparticle channel field-effect transistor.
In the present thesis the additional demand of printability has to be fulfilled. Combining these
requirements, a system consisting of a Lithium salt to ensure ionic conductivity, a polymer as
a solidifying agent, a plasticizer to maintain a sufficient liquid phase in the final product and
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a solvent to preserve printablility is designed. A plasticizer in this context describes a solvent
with the special property to have a high boiling and low melting point and remain as a liquid
component in the solidified final product. The final product after solidification is referred to as a
composite solid polymer electrolyte, short "CSPE".
The chemical properties of three CSPEs, which use different plasticizers, are analyzed with
respect to composition and change of their phase at low temperatures. Furthermore, the CSPEs
are tested electrically by means of impedance spectroscopy in a CSPE filled parallel plate capacitor
arrangement as shown in Figure 4.1(a). In this context a representative equivalent circuit is de-
signed and used to determine the numbers of interest. Of main interest are thereby the changes in
ionic conductivity σel and in the magnitude of the areal double layer capacitance Cdl with respect
to temperature. As mentioned above, these figures influence the performance of electrolyte-gated
field-effect transistors and thus are of particular interest. The goal is to find a suitable CSPE
for an electrolyte-gated FET (EG-FET), which is stable in a large temperature range (∼-30 °C
to 50 °C) with favorably temperature independent, or at least predictable values of σel and Cdl.
In the following study, the most suitable candidate is applied to field-effect transistors as a solid
electrolyte gate dielectric. Such an FET is shown schematically in Figure 4.1(b). The characteri-
zation of the temperature dependence is essential for the later operation in logic circuits requiring
a stable performance with constant values for the on-current and threshold voltage. In some pre-
liminary experiments the suitability of such CSPEs for future application on flexible substrates is
investigated. Mechanical stress tests in terms of rheology and tensile strength measurements are
conducted and compared with literature data.
4.1 Chemical Properties of CSPEs
In the first section of this chapter the chemical properties of three different CSPEs are examined.
Samples are prepared in petri dishes and dried under ambient conditions. From the weight loss
the amount of ingredients after solidification is determined.
4.1.1 Material Composition of solid CSPEs
The materials for the electrolyte are chosen and tested at room temperature for their basic func-
tionality. LiClO4 salt is used because Li+ is a very small ion, which can move easily in a solid or
liquid electrolyte and thus is the best candidate to obtain a high ionic mobility. The plasticizers,
namely PC, DEC and EMC, are used to retain a liquid component in the solidified CSPE to facil-
itate additionally the ion transport in the CSPE. Similar materials have shown their functionality
as electrolytes in lithium ion batteries. In order to solidify the electrolyte, PVA with a low degree
of polymerization is selected since earlier experiments have indicated that long PVA chains hinder
the ion motion in the CSPEs. To guarantee also good printability, DMSO is added in sufficient
44
quantity to obtain a stable drop formation without clogging of the nozzles. The compositions of
the three investigated CSPEs in liquid form (from now on referred to as CSPE(lq)) are listed in
table 4.1.
Table 4.1.: Composition of as-prepared CSPEs(lq) before solidification.
CSPE PVA LiClO4 PC DEC EMC DMSO
[g] [g] [g] [g] [g] [g]
1 0.21 0.05 0.45 - - 4.28
2 0.21 0.05 0.23 0.22 - 4.28
3 0.21 0.05 0.23 - 0.22 4.28
In order to determine the final amount of added solvent/plasticizer remaining in the CSPEs(sd)
a controlled solidification is performed. CSPE(sd) is from now on refers to solidified CSPE. The
CSPEs(lq) are spread in petri dishes to gain a high surface to volume ratio. The petri dishes are
kept under ambient conditions in a fume hood and are weighed in certain intervals. After 28 days
the weight reaches a constant value for at least three subsequent days and the CSPEs are considered
solid. Based on thermogravimetric measurements combined with mass spectroscopy experiments
conducted by Nasr et al. [59] it can be assumed, that the solid ingredients like LiClO4 and PVA
do not evaporate and therefore the remaining quantity of solvent/plasticizers can be determined.
Table 4.2.: Composition of the three investi-
gated dried CSPEs.
CSPE PVA LiClO4 DMSO, PC,
DEC and EMC
[g] [g] [g]
1 0.21 0.05 0.15
2 0.21 0.05 0.18
3 0.21 0.05 0.13
Table 4.2 shows the final composition of the CSPEs(sd). The experiments prove that a considerable
amount of solvent and added plasticizer(s) remain in the CSPEs(sd). The exact composition of
the liquid components cannot be determined with this experiment but a liquid phase is present
without any doubt.
4.1.2 Phase Transitions of CSPEs
After knowing that all three CSPEs(sd) contain a liquid phase at room temperature, it is interest-
ing to know if there will be a phase transformation of this liquid phase to a solid phase especially
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at low temperature. Such a change in phase would influence the performance of a field-effect
transistor, especially due to the expected change of the ionic conductivity of the CSPEs(sd). The
experiment is conducted exemplarily on CSPE-1, which has the simplest composition of the in-
vestigated CSPEs. Taking a look at the freezing temperatures of the solvent and the plasticizer(s)
(see appendix, table F.1), PC has a freezing temperature of -48.8 °C and DMSO freezes at 18 °C.
In a complex mixture of different materials the freezing points of the individual components usu-
ally do not show up. The freezing point of an ionic conductor thereby influences the viscosity,
and the viscosity on the other hand influences the ionic conductivity. Therefore, it is important
to understand the phase transformations of such a mixture. In order to determine the phase
transformations differential scanning calorimetric (DSC) measurements are conducted on CSPE-1
before and after solidification in a temperature range between -100 °C and +25 °C. For the DSC
measurements samples are prepared in an aluminum boat and solidified in ambient conditions.
Figure 4.2(a) shows the differential scanning calorimetry data of the liquid sample and Figure
4.2(b) those of the solidified sample. The exothermic feature at ∼-25 °C during cooling of the
liquid sample can be interpreted as a phase transition from the liquid to the crystalline state. The
phase transition from the crystalline to the liquid phase at ∼ 0 °C during subsequent heating is of
endothermic nature. The freezing temperature is shifted towards lower temperatures compared
to the melting point. This supercooling happens because of a lack of crystalline nuclei, which
act as nucleation sites for the crystallization. Without nucleation sites the liquid has to perform
a spontaneous crystallization, which can occur, depending on the cooling rate, several tens of
degrees below the actual freezing temperature.
(a) (b)
Figure 4.2.: Differential scanning calorimetry measurements of (a) liquid and (b) solidified CSPE-1
samples. The scanning rate was 10 °C/min.
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During warm up this effect does not occur because melting happens right at the actual melting
temperature. The actual freezing point of the compound is ∼ 0 °C which does not correspond to
the freezing temperature of the pure solvents, as anticipated before. The DSC data of the solidified
sample does not show any feature of a phase transformation in the investigated temperature range.
This behavior implies that for the solid phase no phase transformation takes place in a temperature
range down to -100 °C being particularly beneficial for the performance of the CSPE(sd) and of
an electrolyte-gated field-effect transistor at low temperatures.
4.2 Electrical Properties of Composite Solid Polymer Electrolytes
The lack of phase transitions is encouraging for the use of the CSPEs(sd) as a dielectric suitable
for an all solid state transistor. In order to determine the ultimate performance and to understand
the performance of the transistor the electrical properties of the CSPE(sd) need to be investigated.
This is done in a parallel plate capacitor arrangement (see section 3.3.5), since the geometrical
parameters such as electrode sizes and distance between the electrodes are easy to control. The
method of choice is temperature dependent impedance spectroscopy to determine ionic conductiv-
ity σel and areal double layer capacitance Cdl. The measurements are conducted in a temperature
range between -45 °C and 45 °C where everyday electronics are supposed to operate properly. The
measurements are conducted to examine how future transistors will be influenced by the dielectric
when operated at those temperatures. The impedance spectroscopy allows both, σel and Cdl, to
be investigated at once and their values can be extracted independently. Furthermore, impedance
spectroscopy is a non-destructive technique, which allows performing many measurements with
the same sample avoiding variations due to differences in sample preparation.
4.2.1 Capacitive CSPE Based Devices
In the following section, the results from impedance spectroscopy of three different CSPEs(sd)
are presented and discussed. The development of an equivalent circuit is described in detail and
validated during the solidification process of the CSPEs. The temperature dependent behavior of
σel and Cdl is extracted and models are discussed to describe the observed behavior. In a first
step the final geometry of the parallel plate capacitor has to be found. After several trails with
different electrode sizes and electrode gaps the final geometry of the parallel plate capacitor is
fixed to 2mm × 1mm and a gap of 1mm, respectively. With this geometry all the following
measurements are conducted.
Equivalent Circuit Determination
To identify the components of an equivalent circuit representing the measuring setup, a detailed





Figure 4.3.: Graphic illustration of the determination of the equivalent circuit: (a) schematic of an un-
charged CSPE filled parallel plate capacitor, (b) a charged capacitor with charge separation
and formation of the electrical double layers, (c) presentation of the electric components
correlated to the respective components of the measuring setup, (d) an equivalent electri-
cal circuit as extracted from the measuring setup and assembled in logic order and (e) a
reduced condensed equivalent electrical circuit equal to the one shown in (d).
48
Figure 4.3(a) shows a schematic of the prepared parallel plate capacitor (see section 3.3.5) without
an applied voltage between the ITO electrodes. Above the part covered by CSPE the ITO layer
is reduced in width and forms a lead to the contact pads at the top of the glass plate (see Figure
4.1(a)). At the contact pads gold wires are connected using silver based epoxy glue for connecting
the setup to the impedance spectrometer. Under an applied voltage, as seen in Figure 4.3(b),
the ions in the CSPE are separated and form an electrical double layer as discussed in section
2.3.1. As described by Otto Stern this charge separation causes the formation of an electrical
double layer close to the charged interfaces composed of the Helmholtz double layer and the
Gouy-Chapman diffuse double layer. The bulk of the CSPE in between the two double layers is
electrically neutral, still containing positive and negative ions compensating each other. Since all
discussed circuit components contribute to the measurement signal they have to be included in the
equivalent circuit. In Figure 4.3(c) the correlation between the physical processes occurring in the
measuring setup with electrical circuit elements are proposed. The leads between the impedance
spectrometer and the ITO electrodes of the CSPE filled capacitor are represented by the resistors
Rext. These resistors also include the resistance of the ITO electrodes. The capacitance created
by those leads and the ITO electrodes is represented by the capacitor C ′ext. The electrical double
layers are represented by two capacitors with the capacitance C ′dl at the interface between ITO
electrode and CSPE. The bulk CSPE, even though no net charge is present, contains ions from
the dissolved salt and is represented by the resistor Rel.
(a) (b)
Figure 4.4.: (a) Nyquist plot of a CSPE-1 filled parallel plate capacitor measured at room temperature
(blue) and the fitted curve using the equivalent circuit from Figure 4.3(e) and (b) the
modified equivalent circuit.
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Putting together all the components in the logical order one ends up with the equivalent circuit
shown in Figure 4.3(d). Since the setup is completely symmetric, the equivalent circuit can be
simplified and condensed to the circuit shown in Figure 4.3(e) with Rext∗ = 2Rext and C ′dl∗ =
1/2C ′dl. With this equivalent circuit the data can be generally fitted, but not every feature of
the measured data can be represented accurately (see Figure 4.4(a)). To improve the fit of the
measured data, two adjustments have been made. First, the tilt of the low frequency section in
the measured data is taken into account by a constant phase element to replace the capacitor Cdl.
A constant phase element is taking the diffusive part of the electrical double layer, i.e., the Gouy-
Chapman layer into account. This adjustment is meaningful and allows to fit the low frequency
region of the Nyquist plot more accurately. The second adjustment is to introduce an element,
which can explain the ∼45 ° section, which is marked with a green circle in Figure 4.4(a). In
literature such a phenomenon has been reported when investigating polymer electrolytes and was
described with a Warburg element in series to the constant phase element [76]. Another way to fit
the data in this specific frequency region is an additional RC circuit in series to the constant phase
element. At this point, a discussion about which way to describe it as well as about the origin
of such a behavior would be speculative and is not advisable, because the physical and chemical
background for a proper explanation is not given. Anyhow, for the measurements conducted
during this thesis, which are all DC measurements, this component has no influence. In the
impedance picture, the closest to DC is in the low frequency region. In this region the constant
phase element is the predominate component of the equivalent circuit, regardless which component
is used to describe the ∼45 ° section. With a Warburg element as well as with the RC circuit
in series with the constant phase element, the resulting double layer capacitance only changes by
<1%. The equivalent circuit used for further fitting contains the Warburg element. With the
modified equivalent circuit, a function can be calculated to fit the measured data satisfactorily.
The impedances of the utilized electrical elements can be seen in the following equations:





Constant Phase Element: ZCPE =
1
(i ω)αC (4.3)




Using the classic addition theorems of the respective components the equivalent circuit can


















This equation can be separated into a real and an imaginary part and can be used to fit the
measured data of the Nyquist plot. The fitting is necessary to determine the absolute value of
each component of the equivalent circuit. The quality of the fit is an indicator how well the values
of the different components represent the behavior of the measured setup. In the following all
fits of the impedance spectroscopy data are performed using the same electrical equivalent circuit
shown in Figure 4.4(b).
To confirm the correctness of the equivalent circuit one representative CSPE (CSPE-1(lq)) is
measured during the solidification process. During that process certain quantities are changing:
e.g., the electrolyte conductivity has to decrease during the solidification process. This behavior
is expected, because the ionic conductivity is dependent on the ion mobility of the dissolved salt







where d is the electrode distance and A is the electrode area. Figure 4.5(a) displays the extracted
ionic conductivity with solidification time. The increasing viscosity during the ongoing solidi-
fication process (see below in section 4.3.1) reduces the ionic mobility and therewith the ionic
conductivity. The constant value of σel after 8 days indicates that the CSPE(sd) has reached
a stable state. In general the temperature dependence of the ionic conductivity reflects the ex-
pected behavior. At this point it should be mentioned, that such a long period is owed to the large
amount (∼2ml) of CSPE(lq) necessary to fill the parallel plate capacitor entirely. In a printed
device the quantities are orders of magnitude smaller and the solidification takes only minutes.
The areal double layer capacitance Cdl on the other hand does not change during solidification as
can be seen from Figure 4.5(b). This indicates that the magnitude of the areal capacitance at the
CSPE/ITO interface is not influenced by the solidification process. It shows that the remaining





Figure 4.5.: Development of electrical parameters of the CSPE-1(lq) filled parallel plate capacitor with
solidification time: (a) electrolyte conductivity σel, (b) areal double layer capacitance Cdl
and (c) the external capacitance C ′ext.
Figure 4.5(c) shows the behavior of the external capacitance obtained from the impedance
spectroscopic fits. A constant value of the capacitance C ′ext during solidification is obtained. This
result is meaningful since the affected components like the external lead capacitance and the
geometry of the parallel plate capacitor are not changing in the solidification process. This result
can be considered as an additional indicator that the equivalent circuit is chosen in a meaningful
way and represents the measured setup. After having laid the basis for a meaningful equivalent
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circuit of the measuring setup, Bode plots of the CSPE-1(sd) filled parallel plate capacitor are
measured and displayed in Figure 4.6. The measurement is performed at room temperature and
covers the frequency range from 1MHz to 1Hz. Figure 4.6(a) shows the course of the phase angle ϕ
with respect to frequency. It indicates at low frequencies up to about 90 Hz a phase angle of
almost 90 °, which resembles a capacitive behavior. From 90 Hz to about 105 Hz a phase angle
of 0 ° represents a resistive behavior and at higher frequencies a capacitive behavior is dominant,
again. In the double logarithmic plot of the absolute impedance |Z| with respect to frequency (see
Figure 4.6(b)) the three frequency regions as described before can also be recognized. Starting
from low frequencies a linear decrease is observed followed by a plateau and again followed by a
linear decrease. This confirms, that both Bode plots contain the information, in which frequency
region which component of the equivalent circuit is dominant.
(a) (b)
Figure 4.6.: Bode plots of an impedance spectroscopy measurement performed with the parallel plate
capacitor filled with CSPE-1(sd): (a) the frequency dependence of the phase angle ϕ and
(b) the frequency dependence of |Z|.
Figure 4.7 shows the Nyquist plot related to the Bode plots from Figure 4.6. For Z ′ ® 5 kΩ
or f = 5 kHz, respectively, a semicircle is visible, which is shown in a zoomed graph in the inset
of Figure 4.7. For larger values of Z ′, or lower frequencies, two linear regimes with different
slopes can be distinguished. The Nyquist plot provides information about the arrangement of the
respective components in the equivalent circuit and is used to fit the values of its components.
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Figure 4.7.: Nyquist plot related to the Bode plots of Figure 4.6 obtained from a CSPE-1(sd) filled
parallel plate capacitor. The inset shows an enlarged view of the high frequency part of
the Nyquist plot.
Before measuring the temperature dependence of the characteristic quantities such as the ionic con-
ductivity σel and the areal double layer capacitance Cdl of the CSPEs(sd) the different CSPEs(sd)
are compared at room temperature. The obtained Nyquist plots, which compare the high fre-
quency regime of all three CSPEs(sd), are displayed in Figure 4.8.
Figure 4.8.: High frequency section of the Nyquist plots of parallel plate capacitors filled with CSPE-
1(sd), -2(sd) and -3(sd).
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The smaller semicircle for CSPE-1(sd) indicates a higher conductivity compared to CSPE-2(sd)
and CSPE-3(sd). This result can be verified by fitting the respective Nyquist plots to the equivalent
electrical circuit. The results for the ionic conductivity σel are 5.4·10−3S cm−1, 3.3·10−3S cm−1
and 2.9·10−3S cm−1 for CSPE-1(sd), CSPE-2(sd) and CSPE-3(sd), respectively. From the same
fits also the results for the areal double layer capacitances Cdl are determined. They amount
to 6.0µF cm−2, 5.3µF cm−2 and 5.5µF cm−2, for the same CSPEs. This indicates a superior
behavior of CSPE-1(sd) compared to the other two composite solid polymer electrolytes in terms
of σel, which determines the switching speed of the device and Cdl, which determines also the
switching speed and the utilized gate voltage to form the conducting channel. In both cases
higher values of σel and Cdl are beneficial.
Temperature Dependence of CSPEs(sd)
In a next step the temperature dependencies of the conductivity and the areal double layer capac-
itance of the three CSPEs(sd) are determined. The temperature dependence of σel and Cdl are
important properties, since they determine the stability of electric circuits when such EG-FETs
are integrated and used under ambient conditions. The experiments are performed in the same
manner as in the previous section. In order to introduce the temperature variation, the measure-
ments are conducted on a temperature controllable heating/cooling stage. The temperature is
calibrated in a test setup utilizing the same devices, however, with a thermocouple in between
the glass plates. The measurements are conducted in an application relevant temperature range
between -45 °C and 45 °C.
Figure 4.9.: Nyquist plots of a CSPE-1(sd) filled parallel plate capacitor measured at different temper-
atures.
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Figure 4.9 shows the Nyquist plots of a CSPE-1(sd) filled parallel plate capacitor for high
frequencies measured at temperatures between -45 °C and 45 °C. At every temperature a thermal-
ization step of 20 minutes is allowed to guarantee thermal equilibrium. The observed increase
of the diameter of the semicircle with decreasing temperature is synonymous for an increasing
electrolyte resistance or equivalently a decreasing ionic conductivity. Since in the high frequency
region Rext, Rel and C ′ext are the predominant components the increasing diameter of the semi-
circle is representing an increase of Rel, which represents the bulk resistance of the CSPEs(sd),
because Rext and C ′ext are constant during the temperature sweep. The section after the semicircle
towards lower frequencies is described by the Warburg element as stated earlier. Since this part
does not influence the outcome of the following analysis it will not further be discussed. In the
low frequency region, the constant phase element is the predominant component. Like in the
last section 4.2.1 the curve resulting from eq. (4.5) is fitted to the measured data displayed in
the Nyquist plot. This fitting routine is conducted for the data at different temperatures and
the values for the ionic conductivity and the areal double layer capacitance are extracted as a
function of temperature. From these values the two most relevant parameters, namely σel and Cdl
are determined where the ionic conductivity of the electrolyte is calculated from eq. (4.6) and the





with A the electrode area. Figure 4.10 shows σel and Cdl as functions of temperature. An
increasing ionic conductivity with temperature is expected, since it depends on the movement
of ions in the CSPEs(sd) and an increased temperature reduces the viscosity of the CSPEs(sd).
Since no simple Arrhenius dependence was applicable for the temperature dependence of the ionic
conductivity, another model developed by Vogel, Tamman and Fulcher (VTF model) [77–79] is
used. This model was also shown to be applicable to PC containing electrolytes behaving like
glass forming substances [80]. Using this model the conductivity can be described as follows:





where σ0 and B describing the conductivity at T0 and the activation energy of the material,
respectively. The temperature T0 is thereby related to the glass transition temperature and is
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usually found ∼50 °C below Tg resulting in Tg = T0+ 50 °C [80]. The equation is fitted to the
measured data and yield the glass transition temperatures for the three materials as:
CSPE-1(sd): Tg ≈ −130 °C (4.9)
CSPE-2(sd): Tg ≈ −56 °C (4.10)
CSPE-3(sd): Tg ≈ −41 °C. (4.11)
The glass transition temperature of CSPE-1(sd) is determined well below -100 °C, which is in
agreement with DSC measurements (see Figure 4.2(b)). For the other CSPEs(sd) Tg also seems
to be below the measured temperature range, which can be deduced from the smooth shape of
the experimentally determined electrolyte conductivity and fitted data using the VTF model as
displayed in Figure 4.10(a). The highest conductivity can be assigned to CSPE-1(sd) for the
entire temperature range. This makes CSPE-1(sd) an even stronger candidate for the application
in EG-FETs. However, the conductivity of the electrolyte is not exclusively determining the
suitability of the candidate. A second factor is the areal double layer capacitance. Figure 4.10(b)
shows the development of the areal double layer capacitance of the three CSPEs(sd). Despite the
offset in y-direction, the three CSPEs(sd) show the same principle dependence on temperature.
(a) (b)
Figure 4.10.: (a) Electrolyte conductivity and (b) areal double layer capacitance (squares) as a function
of temperature as obtained from impedance spectroscopic analysis of the three utilized
CSPEs(sd). The continuous lines in (a) resemble the simulated curves using the VTF
model [80].
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The measured values of CSPE-2(sd) and -3(sd) do not vary a lot but CSPE-1(sd) shows the highest
areal capacitance Cdl. The increase of Cdl, in general, is somewhat surprising, since the opposite
behavior is suggested by theory. Following the law of Stokes for the radius of an ion including
its solvation shell the radius is supposed to increase with temperature. The hydrodynamic radius




with kB the Boltzmann constant, T the absolute temperature, η the viscosity and D the diffusion
coefficient. According to this equation the radius of the solvation shell grows with rising tem-
perature. Since the areal capacitance Cdl is formed between the ions in the CSPE(sd) and the
compensation charges in the semiconductor one would expect a reduced areal capacitance with
growing Rhyd. The experimental values of the areal capacitance show, however, a potential growth
of the kind
Cdl ∝ 1/Rhyd ∝ T γ (4.13)
with 1 < γ < 2. This dependency cannot be explained with the change of the solvation shell
radius. Other possible explanations for such a behavior can be an increased number of available
ions for the double layer formation at higher temperatures.
Figure 4.11.: Areal double layer capacitance as a function of temperature extracted from impedance
spectroscopy data for two different electrolyte solutions. Green represents a supersatu-
rated solution of LiClO4 in PC while blue represents a highly diluted solution.
If the electrolyte salt crystallizes during the solidification process and evaporation of the solvent/-
plasticizer due to supersaturation, the increased solubility with elevated temperature would make
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more ions available. This could explain the positive behavior of Cdl with temperature. Two
experiments have been performed to check this hypothesis, namely X-ray diffraction to check
for crystalline LiClO4 in the dried material and impedance spectroscopy of a supersaturated
and a highly diluted LiClO4 in PC solution. The XRD measurements did not show any spe-
cific reflexes correlated to crystalline LiClO4. This does not mean necessarily that no crystals
have been formed. The size and density of the LiClO4 crystals could simply be too small to be
detected. The impedance spectroscopy analysis of the supersaturated and the highly diluted solu-
tions show the same increase of the areal capacitance Cdl with temperature for both solutions as
the CSPEs(sd)(see Figure 4.11). From the combination of these two experiments it is conducted,
that the assumption made above, i.e., the crystallization of LiClO4 during the solidification of the
CSPE(lq), cannot explain the observed behavior. A further explanation could be the reduction
of the bond strength between the ions and their solvation shell with temperature. Whereas in
a neutral CSPE(sd) the ions are neutralized by the solvation shell, the situation changes in an
electrical double layer. In this case the neutralization is done partly by charges of the electrodes.
A weaker bonding of the solvation shell with temperature could ease the approach of the ions to
the electrode and reduce the average distance to the surface of the electrode. In this way the
increase of the areal capacitance could be explained.
4.2.2 Electrolyte-Gated Field-Effect Transistors
After analyzing the CSPEs(sd) in terms of impedance spectroscopy in a parallel plate capacitor,
CSPE-1(sd) is considered the most suitable candidate for using in the field-effect transistors. The
successful applicability of CSPEs to such devices could be very relevant for future developments
in printed circuits and logics.
(a) (b)
Figure 4.12.: Schematic of the function of an EG-FET: (a) a neutral parallel plate capacitor, (b) an
uncharged in-plane capacitor (top) and a charged in-plane capacitor with In2O3 channel
(bottom).
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To investigate the properties of CSPE-1, a well established device geometry was chosen,
whose performance has been investigated at RT intensively [2, 20–23]. Figure 4.12(a) shows a
parallel plate capacitor as described above for the characterization of CSPEs using impedance
spectroscopy. After back folding the capacitor plates, an in-plane capacitor geometry is formed
as seen in Figure 4.12(b) (top).
(a) (b)
Figure 4.13.: Transfer (a) and output (b) curves of an in-plane EG-FET measured at room temperature.
If an In2O3 channel is added on top of the right ITO electrode and a positive voltage is applied
to the left ITO electrode of the in-plane capacitor the system works just like the parallel plate
capacitor due to the formation of an electrical double layer. The In2O3 counter electrode will be
charged by the field-effect. A schematic side view of an in-plane FET is seen in Figure 4.12(b)
(bottom). Such a field-effect transistors with ITO passive structures, In2O3 channel on top of
a glass substrate have proven to work reliable in ambient conditions. An identical FET was
measured and characterized in the temperature range between -35 °C and 60 °C. The output and
transfer curves as seen in Figure 4.13 are analyzed as described in section 3.1.8 for each individual
temperature. Off-current, on/off-current ratio, subthreshold swing, threshold voltage, field-effect
mobility and on-current are extracted from the respective transfer curves. In the following sections,
a red circle marks the position(s), where the respective data is extracted from. The respective
extracted values are plotted as a function of temperature in a separate graph. The trend is
analyzed and compared to theoretical predictions whenever possible. At the end of the chapter a




The off-current describes the leakage current between source and drain in the off state of the FET.
A low off-current is important to ensure low static power consumption.
(a) (b)
Figure 4.14.: (a) Exemplary transfer curve of an EG-FET with the indication of the off-current read off
(red circle) and (b) the respective off-currents of an EG-FET as a function of temperature.
The utilized current values are taken at Vgs=0.0V and Vds=1V
Figure 4.14(b) shows the temperature dependence of the off-currents Id,off in the off state with
0.0V applied to the gate and 1.0V applied to the drain electrode. The observed values vary
between 3 and 600 pA for the investigated temperature range. The increase by more than two
orders of magnitude is expected for an EG-FET, as for semiconductors the number of electrons
in the conduction band increases with temperature, increasing the intrinsic conductivity.
On/Off-Current Ratio
The on/off-current ratio is an important characteristic parameters for device applications. Espe-
cially for digital circuits a large on/off-current ratio ensures a clear distinction between on and off
state (or logic 1 and 0) in the circuit. Thus, the larger the current difference between on and off
state, the better the transistor performance. Figure 4.15(b) shows the on/off-current ratio with
respect to temperature. The value decreases with temperature by two orders of magnitude from
4·107 at -35 °C to 4·105 at 60 °C. This behavior is mostly driven by the change of the off-current
shown in Figure 4.15(b). The on-current was found to be constant with temperature as will be
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shown below. But even the value of the on/off-current ratio of 4·105 at the highest temperature
is still sufficiently large to design functional digital electronic circuits.
(a) (b)
Figure 4.15.: (a) Exemplary transfer curve of an EG-FET with indication of the current values utilized
to determine the on/off-current ratio (red circles) and (b) the on/off-current ratio of
an EG-FET with respect to temperature. The values for the on-current are taken at
Vgs= 0.9 V and Vds=1V. Those for the off-current are taken in accordance with Figure
4.14(b)
Subthreshold Swing
The subthreshold swing SS is the inverse of the subthreshold slope and is measured in the sub-
threshold region, which is located in the Vgs regime below the threshold voltage. SS is a measure
for how much gate voltage is needed to change the drain current by one order of magnitude. A
steep rise in a logarithmic plot of Id with Vgs can be beneficial for low voltage and low current
operation in digital circuits and memory applications. The SS is defined as
SS = ln(10) dVgs
d ln(Id)
(4.14)











where Cdiel is the areal capacitance of the gate dielectric and Cdepl is the areal capacitance caused
by the depletion layer in an inversion mode FET.
(a) (b)
Figure 4.16.: (a) Exemplary transfer curve of an EG-FET with indication of the subthreshold region
(red circle). (b) Subthreshold slope of an EG-FET and theoretical curve following eq.
(4.16) (brown line) with respect to temperature. Values are measured in the Vgs window
between off-current and Vth. In all measurements Vds was set to 1V.
In case of an accumulation mode FET, as investigated in this thesis, Cdiel has to be replaced
by Cdl and Cdepl can be removed because no depletion layer is formed in an accumulation mode







Figure 4.16(b) shows SS as a function of temperature and the theoretical prediction by eq. (4.16).
The measured and calculated values exhibit the same slope, however, with a constant offset. The
offset of the measured values from the theoretical minimum is also a measure for the interface trap
states density at the semiconductor/CSPE interface [81]. Trapped charges at the interface can
be represented by a trap related areal capacitance (Ctrap), which modifies the areal double layer
capacitance just like the areal capacitance above discussed caused by the depletion layer. Thus,
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it can be included in the areal capacitance term in eq. (4.15) before simplification. The accurate









where Ctrap accounts for about 20% of the overall areal capacitance. It can additionally be used





which results in 1.1·1012 cm−2. The small number of charge traps at the interface and the similarity
of SS to an ideal slope in the subthreshold region promise a very good transition behavior and
show the high quality of the prepared EG-FET.
Threshold Voltage
The threshold voltage is the gate voltage, where an ideal transistor switches on. It is defined as
the value where the extended linear section of the square root curve of Id (blue curve in Figure
4.17(a)) has to be zero. In an ideal transistor at T = 0K the subthreshold slope would be infinitely
steep and the square root curve would exhibit a kink at the threshold voltage. The value of Vth
is a crucial factor for circuit applications like inverters. It influences the design and functionality
of digital circuits. A shift with changing temperature can compromise the functionality and must
be known to be taken into account in the circuit design. Figure 4.17(b) displays the threshold
voltage of the investigated EG-FET. The threshold voltage does not change substantially, in this
case in the range of 0.2V - 0.3V.
Additionally, the trap density at the semiconductor/CSPE interface can be estimated from





which results in a trap density of σtrap =8.1·1012 cm−2. This number is quite small and is in the
same order of magnitude as the value calculated using Ctrap. Such a small number makes the
temperature influence on the threshold voltage very small.
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(a) (b)
Figure 4.17.: (a) Exemplary transfer curve of an EG-FET with indication of the threshold voltage read
off points (red circle) and (b) threshold voltage with respect to temperature. In all
measurements Vds was set to 1V.
The trap states at the interface have to be filled before the charges, in this case electrons, can
contribute to the channel formation. With increasing temperature the number of traps should
reduce and the threshold voltage would reduce as well. Such a decrease with temperature cannot
be clearly seen in Figure 4.17(b). This can have two reasons: 1) The traps are located energetically
so deep, that the temperature change does not make a difference in their occupation, or 2) the
number of traps is so small, that the effect of the trapped charges vanishes within the measurement
uncertainty.
In comparison, silicon semiconductor theory predicts a reduction of the threshold voltage of
about 1mV/K due to a reduction of the band gap. For highly doped materials this value can
shrink to 0.7mV/K [82]. If a similar behavior is present for a material like In2O3 the effect on the
threshold value would be even smaller due to a typical intrinsic carrier concentration of In2O3 of
∼ 1019 cm−3. The resulting variation of Vth of < 70mV can easily be within the error of tcirclehe
determination method. Overall, the constant value of Vth with temperature is very beneficial for
an application in everyday applications.
Field-Effect Mobility
The mobility is defined as the proportionality factor between the electron drift velocity v and the
electric field E. Therefore, it yields v = µE. In the case of a field-effect transistor, the field-effect
mobility not only influences the magnitude of the on-current, a higher µFET also enables a faster
channel formation and a faster electron transit through the channel region whereby the latter
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allows for a higher switching frequency. For example, in a series of FETs where a gate of one FET is
charged by a current through another FET, the mobility determines the charging speed of the first
FET. A high µFET is thus beneficial for a faster operation of such coupled devices. The field-effect
mobility is determined as discussed earlier in section 3.1.8 from the slope of the square root
function of Id. Figure 4.18(b) shows the field-effect mobility measured for different temperatures.
The decrease can be explained by the interaction of electrons with an increased number of phonons
generated in the semiconductor with temperature. Following theory, the mobility change follows
the equation µPh = C · T−3/2 with µPh the phonon modified mobility [83]. The experimentally
determined field-effect mobility decreases from a value of µFET≈ 120 cm2V−1 s−1 at T = -30 °C
to 74 cm2V−1 s−1 at T =+60 °C. When the constant C is determined at T = -30 °C, a theoretical
prediction for the decrease in carrier mobility due to increased phonon scattering can be calculated.
The so calculated mobility values are shown in Figure 4.18(b), and plotted as a brown line.
(a) (b)
Figure 4.18.: (a) Exemplary transfer curve of an EG-FET with logarithmic plot of Id (green) and the
linear plot of Id1/2 (blue) with indication of the region µFET is determined from (red
ellipse). (b) Field-effect mobility of an EG-FET with respect to temperature. The values
are calculated from the curves in the saturation regime with Vds set to 1V. Theoreti-
cal curve giving the temperature dependence of µFET influenced by phonon scattering
(brown).
It can be seen that the overall temperature dependence is satisfactorily represented by the brown
line in Figure 4.18(b). The reason for the observed deviations is presently not understood.
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On-Current
The on-current is the current in the saturation regime that can be carried by the semiconductor
channel for Vgs -Vth>Vds and in this case read off at Vgs= 0.9V. In an electric circuit this current
determines how fast a capacitor or the gate capacitance of another FET can be charged. The
higher Id is, the faster a circuit can operate. A constant value of Id with temperature therefore
guarantees a constant operation speed of an FET. Figure 4.19(b) displays the saturated on-current
as a function of temperature. One observes that the magnitude of the on-current does not change
significantly over the investigated temperature range. This behavior becomes obvious when eq.
(2.10) is analyzed carefully for the examined system. With a fixed geometry and Vth being
temperature independent (see Figure 4.17(b)), Cdl and µFET, determine Id in the saturation
regime. The trend of the critical properties can be seen in figures 4.10(b) and 4.18(b). These two
properties have opposing temperature dependencies and compensate each other, which results in
a constant on-current. This also explains the trend of the on/off-current ratio (see section 4.2.2)
since in this case its temperature dependence is solely determined by the off-current.
(a) (b)
Figure 4.19.: (a) Exemplary transfer curve of an EG-FET with indication of the on-current read off
region (red circle). (b) on-current of an EG-FET measured at Vgs=0.9V with respect to
temperature. Vds was thereby set to 1V.
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Switching Speed
With the knowledge about the material and transistor characteristics, an analysis of the time
constants of the EG-FET can be performed. There are basically two time constants that have to
be considered:
• the transit time τtransit for the electrons to cross the channel from source to drain and
• the time constant τRC necessary to form the electrical double layer and thus the conducting
channel.
The first one is determining the maximum switching frequency of the transistor when already
on and the second one is influenced by the properties of the electrolyte.
As stated in sections 2.2.1 and 2.3.2 the transit time τtransit= L2/µFETVds is the time electrons
need to travel through a semiconductor channel from source to drain with the channel length L,
the field-effect mobility of electrons in the semiconductor µFET and the applied drive voltage Vds.
This transit time can be interpreted as the minimum switching time of the transistor in the on
state. The switching time is calculated with µFET instead of the material related mobility µ0,
because in an FET the transit time includes the transfer of the electron from the source into the
channel and from the channel into the drain electrode.
Figure 4.20.: Transit time τtransit of an electrolyte-gated field-effect transistor with a channel length of
50µm and a gate voltage Vgs= 0.9 V.
In addition, the charge carriers move in a narrow channel close to the dielectric and are influenced
by the interface quality. This device specific conditions are automatically implemented when
using the field-effect mobility µFET. Figure 4.20 displays the trend of τtransit with temperature
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and suggests minimum switching times of <1µs, which corresponds to a cut-off frequency of
>1MHz. With temperature, the transit time increases due to the decrease of µFET. The second
time constant determining the switching speed is the time, which the ions in CSPE-1 need to form
the electrical double layer. The charging time of Cdl can be described by the time constant τRC of
the involved RC circuit as described in section 2.3.1 (see Figure 2.12). It can be calculated from
τRC= RCSPE·C ′dl with RCSPE determined from the electrolyte conductivity σel and the electrolyte
geometry and the double layer capacitance C ′dl of the semiconductor/electrolyte interface.
(a) (b)
Figure 4.21.: (a) Time constant τRC of a CSPE filled capacitor calculated from the product of the
double layer capacitance and the ionic conductivity with respect to temperature. (b) Ex-
perimental verification of the time constant of an in-plane EG-FET with fitted exponential
function for determination of the time constant τRC with Vds set to 1V.
Figure 4.21(a) shows τRC as a function of temperature. The time constant for the formation of
the electrical double layer varies in the range of 0.03 s to 0.4 s and is much longer than τtransit. The
examined device speed for switching is thus limited by the ionic conductivity σel and the double
layer capacitance C ′dl. An experimental determination of the time constant τRC of an EG-FET
with the same geometry was performed by applying a voltage step to the gate of an EG-FET
at room temperature. The utilized experimental parameters are displayed in Figure 4.21(b) and
the fit function is represented by Id= A · (1− exp (−t/τRC)) with A the maximum value for Id.
By fitting of an exponential function to the measured drain current a time constant of τ ∼1 s is
extracted. This value is about one order of magnitude higher, than the calculated time constant
at room temperature. The discrepancy can be explained by a certain difference between the bulk
conductivity of a CSPE in a parallel plate capacitor and the thin film like appearance in the
geometry of an in-plane field-effect transistor. It can be concluded that for the film thickness of
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about 1µm of CSPE-1(sd) and the high surface to volume ratio changes the solidification behavior
and reduces the amount of solvent/plasticizer in CSPE-1.
Another point of interest is the observed hysteresis of the transfer curves at low and high
temperatures shown in the appendix C. It is obvious that a hysteresis appears in the transfer
curves for the two extreme temperature regions, ranging from 50 °C to 60 °C and from -20 °C
to -35 °C. At low temperatures this process can be explained by the increased time constant
τRC. Because all experiments were conducted with the same setting of the sweep rate to make
them comparable, the electrolyte may not have been in a steady state at low temperatures. This
interpretation is likely since the hysteresis vanishes with the introduction of waiting times of 5
seconds following each voltage step. The waiting time is introduced after the change of voltage at
the gate electrode to allow the proper formation of the electrical double layer. Figure 4.22 shows
a transfer curve of an EG-FET without waiting time (purple) and with waiting time (orange). It
has to be mentioned that the increase of τRC for low temperatures can also be the reason for the
decrease of µFET at -35 °C (see Figure 4.18(b)). For high temperatures the hysteresis can be due
to dynamic effects within CSPE-1. More scattering due to higher ion energies correlated to higher
velocities of the species could be one possible reason. However such an assumption definitely needs
proof and is therefore purely speculative.
Figure 4.22.: Transfer curves of a CSPE gated FET at -30 °C with Vds set to 1V. The waiting time
after voltage (Vgs) change is 0 s (orange) and 5 s (purple).
4.3 Mechanical Properties of CSPEs
As stated earlier, printed electronics and the use of flexible substrates are closely related. For
future applications of CSPEs such flexible substrates would be a necessity to enable roll-to-roll
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processing and to keep the cost down. To show the principle suitability of flexible substrates in
conjunction with printable electrolyte based electronics, some mechanical properties of the CSPEs
are investigated. Rheology measurements are performed to understand the physical state as well
as the viscosity of the CSPEs. Tensile stress tests are supposed to give information about the
ultimate stress a CSPE can withstand.
4.3.1 Rheological Properties
Rheological measurements are performed to gain insight into the viscoelastic properties of the
CSPEs. As the most promising system CSPE-1 is analyzed during the solidification process as
well as its temperature dependence in the solid state. Figure 4.23 shows the change of storage
and loss modulus during the solidification process of CSPE-1 over 60 h. The storage modulus
represents the amount of energy stored inside the material during a controlled rotation. The
loss modulus represents the amount of energy, which is lost due to irreversible deformation and
generated heat.
Figure 4.23.: Storage (black) and loss (red) modulus of CSPE-1 during solidification. The solidification
is conducted under a constant flow of dry air (200 sccm) for 60 h.
As can be seen from Figure 4.23 the solidifying electrolyte changes its properties with time and
finally reaches a stable state. In the first five hours the material shows moduli of ∼1Pa for
both storage and loss modulus and is considered liquid. Afterwards both values increase, which
indicates the onset of polymerization of the PVA. With the evaporation of solvent (and plasticizer)
and the ongoing cross-linking of the polymer chains in the material gain more and more physical
stability and the moduli increase. After about 25 h a stable state is reached in form of a strong
gel. A strong gel is a state, which shows a large storage modulus compared to its loss modulus
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meaning that only a small portion of the rotational energy input is lost, whereas the major part of
the energy is stored and regained during the reverse rotation. In this stable state the temperature
dependent measurements were conducted. Figure 4.24 shows the change of storage and loss moduli
with temperature. One can clearly see a decrease of both moduli with temperature. The trend of
the storage modulus is representing a softening of CSPE-1(sd) towards high temperatures. The
ratio of storage to loss modulus changes from 90:10 to 80:20 from low to high temperatures. Where
at -40 °C only about 10% of the energy is lost, at 50 °C almost 20% are lost to deformation or
heat. The measurement indicates a reduced structural strength and a reduced viscosity at high
temperatures. Still, at any temperature the material can be considered a strong gel.
Figure 4.24.: Rheological measurement of CSPE-1(sd) in a temperature range between -40 °C and
50 °C.
4.3.2 Tensile Strength
With the knowledge of the physical aggregate state from the rheology measurements and the
presence of liquid components in the CSPEs(sd) from the composition analysis in section 4.1.1 the
tensile strength of the material is investigated. The measured strength is compared to the strength
of solid polymer electrolytes from literature. Figure 4.25 shows the behavior of a CSPE-1(sd) film
under tensile stress. The tensile stress increases until a strain of about 20. The increase is not
linear, which indicates irreversible deformation from the beginning of the stretching. A purely
elastic/reversible behavior would be indicated by a linear slope of the stress-strain curve. As seen
in rheology data, the behavior of CSPE-1(sd) is not purely reversible (storage modulus) but has an
irreversible component (loss modulus) even for very small deformations. With further elongation
the tensile stress is increasing with a much lower incline. At a maximum stress of 5MPa and
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a strain of ∼ 63 the sample ruptured. The value of maximum stress obtained is comparable to
other solid polymer electrolytes. Niitani et al. show tensile strength of ∼15MPa for a block-co-
polymer/LiClO4 mixture [84], Zhao et al. showed a tensile stress of ∼3MPa with a mixture of
PVA and H3PO4 [85] and Kelly et al. showed ∼1MPa with a mixture of PEO and LiClO4 [86].
Figure 4.25.: Stretching behavior of a solid CSPE-1 film in a micro tensile test device until rupture.
All these components are considered solid. The mechanical properties for CSPE-1(sd) are very
promising for its use on flexible substrates for future applications.
4.4 Summary
In this chapter CSPEs as replacements for conventional dielectric materials in FETs are inves-
tigated. The compositions of three CSPEs are investigated and their phase does not change in
a large temperature range (-30 °C to 50 °C). By means of impedance spectroscopy the electrical
properties like electrolyte conductivity and areal double layer capacitance are investigated with
respect to temperature. The trends with respect to temperature of the respective quantities is
shown and described by a theoretical model. The most suitable candidate in terms of conductivity,
areal capacitance and printability was selected, and introduced in printed CSPE gated field-effect
transistors. These FETs were investigated with respect to temperature and the characteristic val-
ues such as on-current, on/off-current ratio, subthreshold slope, threshold voltage and field-effect
mobility were extracted from transfer and output characteristics for the respective temperatures
and interpreted by classical theory. Constant values for threshold voltage and on-current could
be shown and, in general, a very stable performance of the EG-FET was observed. The time
constants τtransit and τRC were determined and the weakness in terms of switching speed and
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the need to find new geometries to reduce the dominant time constant of the system are pointed
out. This problem will be tackled in the following chapter, which reports on a new vertical FET
structure involving porous semiconductor morphology and a new way of realizing a back-gated
channel device. Finally, the physical state and mechanical strength were tested and indicated the
suitability of CSPE-1(sd) for future application even on flexible substrates.
74
5 Printed Porous Channel EG-FETs
In this chapter a new approach to realize a vertical channel FET (v-FET) is presented. It relies
on a combination of the stacked channel strategy proposed by Yu et al. [67], using a stacked
"source-channel-drain" (from bottom to top) structure and the wrapped channel solution shown
by Ng, Egard and Tomioka [64–66], in which vertically aligned nanowires with a dielectric and
a gate electrode have been proposed. This combination has been accomplished by stacking a
printed porous semiconductor between two metallic electrodes, i.e., source and drain. The gating
is then made by infiltration of CSPE into the entire semiconductor network completely wrapping
the semiconductor with CSPE and, additionally, by contacting a gate electrode with the CSPE.
The aim is to overcome the usual lateral printing resolution of ∼10µm, reduce the channel length
to 50 - 100 nm and reach high current densities with minimized device geometries. Furthermore,
the potential of such materials for applications at high frequencies will be shown.
To realize this concept, a SnO2 precursor ink containing micelles forming polymers to ensure
the porous structure of the semiconductor is developed. The composition and calcination routine
of the precursor is optimized and the final product is analyzed by means of optical and refractive
methods. Vertical FETs with different geometrical dimensions have been constructed with porous
SnO2 as channel material and are electrically characterized. To estimate the relevant physical
parameters, practical approximations are introduced, which display the porous semiconductor as
pillars to calculate the surface area and areal capacitance. To gain more profound insight into the
functionality of the porous semiconductor network in a v-FET, simulations are performed, which
suggest possibilities for further optimization of the device. Finally, to overcome the low switching
speed of displaced gate EG-FETs, a back-gated EG-FET is constructed, where the porous channel
and the gate located below, are separated by a printed film of porous Al2O3.
5.1 Functional Principal of Vertical FETs
The v-FET consists of a stacked source/channel/drain structure with a laterally displaced gate as
schematically displayed in Figure 5.1. After preparation of the bottom electrodes, i.e., source and
gate by electron beam lithography and radio frequency sputtering, a mixture of Sn-salt (SnCl4),
solvents (ethanol and water) and an ambipolar micelles forming polymer, from now on referred
to as SnO2 precursor is applied using inkjet printing. The top electrode. i.e., drain is also
prepared by electron beam lithography and radio frequency sputtering on top of the dried SnO2
precursor. After a calcination step to finalize the formation of the porous semiconductor structure
CSPE-1(lq) is printed onto the channel and gate area. The CSPE(lq) then infiltrates the porous
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network and contacts physically and electrically the entire semiconductor surfaces. This principle
allows CSPE-1(sd) to address the entire surface of the semiconductor network, which can be used
as FET channel.
Figure 5.1.: Schematic of a vertically aligned porous channel EG-FET.
One advantage of the present approach compared to other printed FETs is that the channel
length is not limited by the lateral printing resolution of commercial printers, which is usually
in the range of 10 - 20µm but rather by the thickness of the printed layer. Thereby the channel
length of 10 - 20µm of an in-plane FET, which is given by the spatial printing resolution can be
overcome. With this device structure it is possible to reduce the channel length to < 50 nm and
reduce the channel length by almost three orders of magnitude. The porous semiconductor is
still the crucial part of the FET. The right porosity and semiconductor properties are required
for a proper functionality of the device. Different preparation routines are tested and the one
showing the best device performance is characterized in more detail. Still, a complete infiltration
of CSPE-1(lq) into the pores of the channel is desirable to obtain the most efficiently working
devices.
5.2 Preparation and Characterization of Porous SnO2
In order to prepare the porous SnO2 semiconductor an SnO2 precursor is utilized, whose composi-
tion was published before [74]. The SnO2 precursor is then printed, dried and calcined. Different
polymers and calcination parameters are used to obtain various porous morphologies of the semi-
conductor. From principle considerations there should be three main factors determining the pore
size in the semiconductor: first, the chain length or degree of polymerization of the added ambipo-
lar polymer, second the calcination temperature and third the calcination time. The chain length
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of the added ambipolar polymer should, in principle, determine the size of the micelles, which are
formed during the evaporation of the solvent. During this drying process, the reducing solvent in
the SnO2 precursor leads to stronger precipitation of micelles due to a more and more saturated
polymer solution. The diameter of the micelles relates to the chain length of the polymers. In
the drying SnO2 precursor the micelles arrange themselves in the form of chains of connected
individual micelles, which form a continuous network. This network forces the simultaneously
drying SnO2 precursor into the space between the micelles, thus forming a complementary net-
work of solidified SnO2 precursor. It has to be noted that both are in the solid state. At increased
temperatures of around 400 °C the polymer starts to decompose, leaving the sample as a gas.
The thereby generated air filled pores establish a network of interconnected and solidified SnO2
precursor-salt in the form of filaments. In the present thesis two different ambipolar polymers
of different chain lengths have been tested. One of them is an ambipolar polymer, referred to
as KLE, which is a block copolymer with two components consisting of 89 monomeric units of
ethylene-co-butylene and 79 monomeric units of ethylene oxide as can be seen in Figure 3.6(a).
The other, referred to as PIB-b-PEO, is also a block copolymer with two components consisting of
107 monomer units of isobutylene and 150 monomeric units of ethylene oxide separated by a phenyl
ring as shown in Figure 3.6(b) (see section 3.2.2). According to the chain length a larger pore size
or inter-filament distance is expected for the the SnO2 precursor with PIB-b-PEO. The second
and third parameters to influence the pore size are the time and temperature of the calcination
process, respectively. The principle function of the calcination is the conversion of the solidified
SnO2 precursor ink into crystalline SnO2. The crystallization process starts between 450 °C and
500 °C when heated up at a constant heating rate of 10 °Cmin−1 as shown below by XRD studies.
Different calcination temperatures are applied for different holding times and result in different
morphologies. The longer a sample is calcined the larger the width of the SnO2 filaments becomes.
During the crystallization process SnCl4 is converted to the desired SnO2 whereby initially created
nanocrystals start to grow and sinter. In the case of a porous material this means that diffusing
atoms increase the filament width and reduce the pore size. Thus, a sample calcinated for longer
times develops thicker semiconductor filaments at the expense of the pore size. Thereby the cal-
cination temperature determines the diffusion speed. An elevated calcination temperature has an
even stronger effect on the SnO2 crystal formation than an increased calcination time since the
diffusion coefficient is growing exponentially with temperature and the crystallite size square-root
dependent on time. The calcination time and temperature is not exclusively determining the final
porous SnO2 filament and pore size but also the final crystallite size and quality as well as the
doping level of the semiconductor. The latter is defined by the number of oxygen vacancies in
porous SnO2. The combination of ligament width, pore size, crystal size and doping level finally





Figure 5.2.: SEM micrographs of the surfaces of two printed SnO2 precursor inks calcined using different
temperatures and times as indicated next to the respective micrographs.
For the characterization of the differently prepared porous SnO2 films, SEM micrographs are
taken to visualize the different morphologies. Figure 5.2 displays the SEM micrographs of the two
different precursors calcined at different temperatures and for different times. It clearly indicates
that the variation of temperature and time in combination with the use of different polymers
generates different channel and pore morphologies. In these micrographs the white areas are
the semiconductor and the black areas the empty pores. Figure 5.2(a) and 5.2(b) show porous
SnO2 films prepared with the longer polymer chain PIB-b-PEO. Figures 5.2(c) to (f) show samples
prepared with the shorter polymer chain KLE. The pore sizes is expected to be wider for the porous
SnO2 prepared with the longer chain polymer PIB-b-PEO compared to the samples prepared with
KLE. Experimentally, the size difference of the pores for the two precursor solutions is found,
however, small after calcination. The reason for this observation most likely can be seen in the
calcination process. Comparing figures 5.2(a) and (b) or 5.2(c) with (d) to (f), one can clearly
see the influence of the calcination time. The longer the calcination time the thicker the SnO2
78
filaments become resulting in a smaller width of the pores. As expected, the temperature has an
stronger influence on the pore size as can be seen in figures 5.2(e). With increasing temperature
the pores initially become smaller while at higher temperatures the pores (at the surface) become
larger (see Figure 5.2(f)). This unexpected phenomenon is observed for the sample treated at
600 °C for 5 min. Apparently, at this temperature the sample shows again wider pores than the
other samples, which indicates, that several factors are influencing the final product. The reason
may still be seen in the above described process. Following the idea of sintering, the material to
fill the pores in the bulk is taken from the sample surface and transported into the bulk of the
sample. Such a process will widen the pores at the surface of the structure at the expense of the
SnO2 filament width. In addition, this sample experiences cracks, which most likely are caused by
a fast cooling rate. Large temperature drops trigger the formation of cracks in the material due to
thermal stress. Such cracks would strongly reduce the number of electrical percolation pathways
from source to drain and thus compromise the device performance.
Figure 5.3.: SEM micrograph of a printed SnO2 precursor ink calcined at 550 °C for 5min with subse-
quent quenching at room temperature (left). An amplified image from the indicated area
in (a) is shown on the right.
The best results in terms of FET-performance are observed for samples prepared with KLE
heated to a temperature of T=550 °C and kept at this temperature for 5 minutes. An SEM
micrograph of the material is shown in Figure 5.3. For such a morphology the infiltration with the
composite solid polymer electrolyte works very well and no short circuits due to crack formation
are observed. In the following these preparation conditions are applied to all v-FETs described in
the present chapter.
To understand the structure and crystallinity of the porous film in more detail transmission
electron microscopy (TEM) micrographs are taken. A printed and calcined film is prepared on
a TEM grid with free standing 25 nm thick silicon nitride windows. The high resolution TEM
micrograph (see Figure 5.4(a)) shows the nanocrystalline nature of the porous SnO2. The regions
not showing any crystallinity represent the empty pores.
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(a) (b)
Figure 5.4.: (a) High resolution TEM micrograph of a porous porous SnO2 filament calcined at 550 °C
for 5min indicating a polycrystalline structure with particle sizes of 3 - 5 nm and (b) SAED
pattern which confirms the polycrystalline structure of the porous SnO2 filaments.
In addition to the nanocrystalline structure in Figure 5.4(a) the SAED pattern in Figure
5.4(b) indicates the nanocrystalline nature of the porous SnO2. Further proof for the degree
of crystallization is provided by grazing incidence X-ray diffraction (GIXRD). Figure 5.5 shows
GIXRD patterns of porous SnO2 films calcined for 5minutes at the indicated temperatures.
Figure 5.5.: Grazing incidence X-ray diffraction pattern of porous SnO2 films calcined at indicated
temperatures for 5minutes.
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Whereas for the calcination temperatures of 350 °C and 450 °C only amorphous structures
are obtained the first crystalline domains can be detected at 500 °C. The reflections seen for the
550 °C calcined sample thereby corroborates nicely the SAED pattern from Figure 5.4(b).
(a) (b)
Figure 5.6.: (a) Reconstructed electron tomography image of the printed porous SnO2 film and (b)
computation of a skeletonization of the pore network showing the interconnections between
the pores.
With increasing temperature the crystallinity increases, which can be seen from the more pro-
nounced reflections at 550 °C. The crystallinity of the samples is mandatory for a proper function
as semiconductor channel. The individual crystal size thereby influences the electrical properties
of the semiconductor. An increased crystallite size results in a smaller number of grain bound-
aries, which reduces the scattering of charge carriers, in the present case electrons. Such reduced
scattering increases the charge carrier mobility and the performance of the device. To utilize the
full capability of such semiconductor networks in EG-FETs the entire surface of the porous SnO2
semiconductor has to be addressed by CSPE-1(sd) through the pores. This enables, upon appli-
cation of the gate voltage, the formation of the conducting channel of the field-effect transistor.
Thus, it is essential to have a well-connected network of pores, in which CSPE-1(lq) can infiltrate
and subsequently solidify.
To check the accessibility of the inner surfaces of the porous SnO2 network, an electron to-
mographic study is performed. For this technique the sample is rotated in a TEM in steps of
1 ° with respect to the electron beam, while scanning TEM images are taken at every position.
A tomographic algorithm is used to reconstruct the 3d image of the examined material. Figure
5.6(a) shows a 2d plot of the reconstructed 3d tomography of a printed porous SnO2 film after
calcination. The interconnected porous SnO2 network is clearly visible as well as the intercon-
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nected pores. To ensure a good percolation between the pores a skeletonization is performed using
the software Amira 5.6 (FEI Company), where the pore volume is reduced to a medial axis of
the pore (see Figure 5.6(b)). The resulting network represents a skeleton of the pore-system and
shows the interconnection of the pores. This results in a center-line tree picture, which shows a
very tight connection of the pores, which should enable a complete infiltration of CSPE-1(lq) into
the semiconductor network.
With this thorough analysis of the porous SnO2 semiconductor network, CSPE-1(lq) is infil-
trated into a vertical channel EG-FET for further analysis of its performance as channel material.
5.3 Vertical Channel EG-FET
In the upcoming section the porous SnO2 is used in vertical channel field-effect transistors and
the prepared devices are electrically characterized with respect to geometrical variations. The
characteristic device parameters are extracted and compared to a simulated system provided by
project partners [87]. The channel is prepared by inkjet printing of two successive layers of SnO2
precursor solution onto the source electrode of width Wsource. The resulting film thickness, which
corresponds to the channel length L amounts to 45 nm. Two layer printing is found necessary to
ensure sufficient thickness to avoid electrical short-circuits between source and drain, where latter
is, like the source electrode, fabricated by means of lithographic lift-off technique. By applying
two layers of SnO2 precursor, possible cracks in the first layer are filled up and the overall film
quality is improved. The width of the drain electrode is chosen in all cases to be equal to the source
electrode widthWdrain = Wsource. To get a better understanding of the electrode geometry, Figure
5.8 is shown, which is later used for the calculation of the channel width and the areal capacitance
of the semiconductor/CSPE interface in the v-FET. In order to find the geometry for the best
performing v-FET, four different electrode widths are tested. The electrodes define the channel
geometry, because source and drain electrodes cross each other perpendicularly and the overlap of
source and drain electrode defines the quadratic channel area. Different electrodes are prepared
with widths of 0.25µm, 0.5 µm, 1 µm and 2 µm. This way electrode areas as indicated in Figure 5.9
of 6.25 ·10−2 µm2, 0.25µm2, 1µm2 and 4µm2 are established. Transfer and output curves of all
four representative devices are presented in Figure 5.7. The analysis is performed, as described in
section 3.1.8. In the porous semiconductor of the v-FET, the geometrical channel width Wchannel
is not clearly defined. Therefore, it is necessary to use a model, which approximates the complex
porous structure. In the present thesis, the porous channel volume is replaced by semiconducting
pillars extending from source to drain electrode. The remainder of the bulk volume is initially
filled with air and later with CSPE-1(sd) (see Figure 5.8). The SnO2 to bulk ratio is determined
from the analysis of the electron tomography and turned out to be η =51.7%, where the bulk








Figure 5.7.: Transfer and output curves of four v-FETs with different electrode areas: (a) and (b)
0.0625µm2, (c) and (d) 0.25µm2, (e) and (f) 1µm2 and (g) and (h) 4µm2. For each
device the graph on the left side represents the transfer characteristic curve (green) and
the Id1/2 characteristic curve (blue). The graph on the right side displays the output
characteristics with Vgs varying from 0.0V to 1.5 V in steps of 0.25V.
Figure 5.8.: Schematic of the v-FET model where pillars are replacing the porous semiconductor. The
dimensions are indicated in the figure using R as pillar radius, L as pillar/channel length
and Wsource and Wdrain as the electrode widths.
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The radius of the pillars R is taken as half of the width of the SnO2 filaments and amounts
to 10 nm. With these values the number of pillars Npillars can be calculated. It yields:
VSnO2 = Vbulk · η (5.1)




pi ·R2 · L (5.3)
with Vbulk the bulk volume (250 · 250 · 45 nm3), VSnO2 the volume of the solid SnO2 network, R the
pillar radius and L the channel length (45 nm). With the resulting number of pillars Npillars=103
the total width of the transistor channel can be calculated. It yields
Wchannel = Npillars · 2piR, (5.4)
this results in a channel width Wchannel = 6.5µm. The areal double layer capacitance is then
calculated following the route of Roddaro et al. [88]. They determined the capacitance C ′dl and















with 0 the permittivity of free space, r the relative permittivity of CSPE-1(sd) and ldl the thick-
ness of the electric double layer, which can be assumed to be ∼2 nm for highly concentrated
electrolyte solutions [89–91]. According to Dzhavakhidze et al. [92] the relative permittivity of
an electrical double layer close to a solid charged interface reduces to r = 4. This value for
the dielectric constant was found to be independent of the actual permittivity values of the uti-
lized bulk materials. The value for the electrical areal double layer capacitance then results to
Cdl= 1.94µF cm−2. With the values for channel width and areal double layer capacitance, the
v-FETs can be analyzed as discussed in section 3.1.8 and the obtained results are displayed in
table 5.1.
A variation of the electrode area Γ = Wsource × Wdrain as marked in red in Figure 5.9 should
in an ideal v-FET only change the on- and off-currents of the transistor. This can be understood by
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the proportional increase of the number of pillars connecting the source and drain electrodes. This
increased number of the pillars implies a proportionally increasing total width of the transistor
channel Wchannel. Since the width of a field-effect transistor is directly proportional to the drain
current Id (see eq. (2.10)) this explains the expected behavior that both, the on- and off-currents
should increase proportionally to the electrode area Γ . Doubling the electrode width results in a
fourfold electrode area, which translates into a fourfold channel width and therefore to a fourfold
drain current.
Table 5.1.: On-current (Id,on), off-current (Id,off), on/off-current ratio (on/off-current
ratio), subthreshold swing (SS), threshold voltage (Vth), field-effect mobil-
ity (µFET) and current density j′d for v-FETs with four different electrode
areas.
electrode electrode Id,on Id,off on/off- SS Vth µFET j′d
width area current ratio
[µm] [µm2] [mA] [nA] [a.u.] [mVdec ] [V] [
cm2
V s ] [
MA
cm ]
0.25 6.25·10−2 0.206 0.004 108 141 0.65 2.22 0.33
0.5 0.25 0.232 0.72 106 193 0.86 0.62 0.09
1 1 2.01 57 105 342 0.58 1.35 0.22
2 4 5.08 40 105 405 0.48 0.86 0.12
As a consequence the on- and off-current densities j′d of devices with different electrode areas
should stay constant, independent of the utilized electrode area. However, the experimentally
observed drain currents do not follow this expected increase. The observed Id currents increase
with respect to the device with Wsource = 0.25µm, from now on referred to as 0.25µm-device, by
the geometrical factors 1.1 (4) for the 0.5µm-device, 10.7 (16) for the 1µm-device, and 24 (64)
for the 2µm-device where the numbers in brackets are the theoretically expected factors. The
on-current densities j′d shown in table 5.1 also drop for larger electrode areas. To explain this
discrepancy further considerations are necessary. Two reasons are identified so far to explain the
deviation in the on-current densities j′d between expected and measured values. These reasons
are:
• the influence of stray currents for an purposely introduced electrode overhang and
• an incomplete penetration of the CSPE-1(lq) with the narrow gap between the two metallic
electrodes into the porous semiconductor leaving the inner part of the FET without gating
effect.
The influence of stray currents is expected due to a purposely introduced 100 nm overhang of
the source electrode over the drain electrode marked in green in Figure 5.9(b) and an equivalent
overhang of the drain electrode over the source electrode in the other direction marked in orange.
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(a) (b)
Figure 5.9.: Schematic of the overhang of source and drain electrode displayed with (a) a drop shaped
semiconductor and (b) a cuboid shaped semiconductor.
This overhang is introduced to ensure that the magnitude of the electrode area
Γ = Wsource ·Wdrain throughout the lithographic process stays constant despite possible devia-
tions from the intended position of the electrodes by lithographic inaccuracies. Thereby, stray
currents flow from the edges of the drain electrode through the semiconductor outside of the elec-
trode area to the overhanging source electrode. The electrons follow the electric stray field, which
results from an applied voltage between source and drain at the edges of the electrodes. The effect
is vice versa for the reverse electrode arrangement. In order to simulate the magnitude of the stray
currents, the channel at the edge of the electrode area is described by a semiconductor cuboid
(200 nm × 50 nm × 20 nm) as indicated exemplarily by the cuboid with the blue lines in Fig-
ure 5.9(a), which displays a complete overlap of the source electrode with the semiconductor but
only half with the drain electrode as displayed in Figure 5.10(a). This cuboid thereby represents
a single semiconducting filament of width W = 20 nm and lateral extension of 200 nm ranging
uniformly from source to drain with a channel length L = 50 nm. These cuboids are arranged in
parallel and are separated by the pores, which are filled with the electrolyte being responsible for
the gating effect. The cuboid is connected laterally to a gate dielectric and a gate electrode, which
simulates the CSPE-1(sd) properties with applied gate voltage. The resulting electric fields and
the electric currents are simulated using a drift-diffusion model utilizing COMSOL5.1. The actual
calculations were performed in collaboration with project partners [87]. For determining the ratio
between the current flowing through the electrode area and the current through the region outside
the electrode area, the following calculations are performed: First, the current Itot through the
semiconductor cuboid in Figure 5.10(a) is calculated. Then the current I∗ref through a cuboid as
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shown in Figure 5.10(b) is calculated as an ideal reference system. From these two calculations,
one can determine the stray current I∗stray for a single filament at the edge of the electrode area.
It yields: I∗stray = Itot − I∗ref.
(a)
(b)
Figure 5.10.: (a) Schematic drawing of a single semiconductor filament at the edge of the channel area
with the current density indicated by red arrows and (b) a schematic plot of an ideal
channel edge without overhanging semiconductor material for comparison.
In the following the ratio of this stray current to the reference current is calculated to estimate
its influence on the different experimental geometries.
Using I∗stray and I∗ref the currents for the actual devices can be calculated as follows:
Istray = 4 ·Wsource ·
I∗stray
20 nm · k · η and (5.7)
Iref = Γ · I
∗
ref
20 nm · 100 nm · η (5.8)
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where the stray current I∗stray obtained by computer simulation is normalized to the filament
width (20 nm) and resized to the channel circumference of the electrode area (4·Wsource). This
can be done because the stray currents from drain to source and from source to drain are equal.
Multiplication with η considers the porosity of the channel material and multiplication with k takes
into account that not every ligament is crossed perpendicularly by the source/drain electrode edges,
which results in a larger effective filament and pore width. To determine k, a line of the same
length as the electrode width Wsource is randomly drawn through an SEM micrograph of the
porous semiconductor and the filament/pore interfaces are counted. Utilizing a 250 nm line, an
average of 7 of these interfaces is crossed instead of 12.5, as assumed in the model calculation.
The correction factor k results in k ≈ 0.56. For the reference current the value I∗ref obtained
from computer simulation is normalized to the 100 nm× 20 nm electrode area of the cuboid. This
normalized value is then multiplied with Γ to account for the experimentally utilized electrode area.
Again η makes up for the porosity of the semiconductor. With the knowledge of the currents Iref





4 · √Γ · I
∗
stray




20 nm · 100 nm · η
. (5.9)
The ratio of the stray current to the reference current is plotted as a function of electrode area in
Figure 5.11.
Figure 5.11.: Ratio of the stray current Istray to the reference current Iref in % as a function of the
electrode area Γ .
89
From Figure 5.11 it can be seen that the ratio of stray current becomes large, when the electrode
areas get small. The drain (on-)currents flowing through the electrode areas for the different
geometries can then be calculated to Id(0.0625)= 0.142mA, Id(0.25)= 0.195mA, Id(1)= 1.85mA
and Id(4)= 4.88mA, respectively. This corresponds to geometrical factors of 1.37 (4), 13 (16) and
34 (64) with respect to Id(0.0625) for the on-currents of larger electrode areas. Again the values
in the brackets are the expected factors. This correction reduces the discrepancies between the
expected current values for Id and the measured values for the respective electrode areas but still
does not explain the deviation satisfactorily.
Therefore, the second hypothesis for the discrepancy between expected and measured values of
the on-currents Id or equivalently the decreasing current densities j′d for the devices with increasing
electrode size, namely a finite penetration depth of the printed CSPE-1(lq) into the SnO2 network
is investigated. The rationale behind this model is that CSPE-1(lq) has to penetrate into the active
volume of the semiconductor in between source and drain from the sides since the electrodes are
continuous and impenetrable due to the fabrication process (see section 3.3.7). The penetration
depth is thereby limited, since the enclosed air in the pores in between the electrodes has only
limited possibility to escape once the liquid electrolyte is applied. In the present description of the
influence of the limited penetration depth on Id, it is assumed that the liquid penetrates from all
four edges by the same lengthWCSPE as shown in Figure 5.12. In order to determine the influence
on the current density j′d, the amount of the electrode area, which is not filled with CSPE-1(sd),
has to be described.
Figure 5.12.: Geometrical consideration of the penetration depth of CSPE-1(lq) into the channel area.
A good measure for the penetration depth WCSPE can be derived from the measured on-current
densities for the different electrode sizes. The on-current density thereby can be seen as the
theoretically expected constant current density j′d,0.25 (for the device with electrode width 0.25µm)
in the CSPE-1(sd) penetrated area and in the non-penetrated area the current density is assumed
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to be zero. The averaged current density over the complete electrode area thereby resembles the
measured on-current density j′d,0.5/1/2. With the dimensions shown in Figure 5.12 it yields:
j′d,0.5/1/2 =
(W 2source −W 2empty) · j′d,0.25
W 2source
(5.10)
where Wempty is the length of the not CSPE-1(sd) filled square as seen in Figure 5.12 and
j′d,0.25/0.5/1/2 the experimentally determined current densities of the respective devices. In this con-
sideration the 0.25µm-device is assumed to be fully penetrated by CSPE-1(sd). From eq. (5.10)
the penetration depth WCSPE for each geometry can be calculated using WCSPE = Wsource−Wempty2
and results in











Equation 5.12 yields the penetration depth from the edges of the electrodes of 47 nm for the
0.5µm-device, 0.276µm for the 1µm-device and 0.307µm for the 2µm-device. The penetration
depth of ∼0.3µm for the 1µm- and the 2µm-device is self-consistent with the assumption of a
fully penetrated 0.25µm-device. The 0.5µm-device is not delivering a consistent result and seems
to suffer from further problems, preventing CSPE-1(lq) from infiltrating. At the same time, the
limited penetration depth with 1µm and 2µm electrode width explains the deviation from the
expected on-currents for these device geometries satisfactorily.
With the knowledge of the penetration depths, the field-effect mobilities of the devices can be
recalculated. Substituting the channel area Γ with the actually CSPE-1(sd) gated area W 2source −
W 2empty in the channel volume in eq. (5.1) and with the new effective channel width the effective
field-effect mobilities for the larger electrode area devices result in µFET,0.5 = 1.82 cm2V−1 s−1,
µFET,1 = 1.69 cm2V−1 s−1 and µFET,2 = 1.67 cm2V−1 s−1. These values agree with the mobility
value of the 0.25µm device quite well. Still, these are rather small mobility values compared
to the intrinsic mobility of µ0 = 250 cm2V−1 s−1 of SnO2 [93] and µFET values of SnO2 single
crystal nanowires of 207 cm2V−1 s−1 [59]. It seems that in case of the printed porous SnO2, its
nanocrystalline nature reduces the mobility considerably. For a channel length of 45 nm and a
crystal size of 3-5 nm, as shown in the TEM micrograph in Figure 5.4(a), the electrons have to
pass more than 8 grain boundaries, which can easily be the reason for the small values of µFET.
The full potential of the device, however, can be seen if the current density per unit area
is considered. For the four geometries the effective current densities jd,effective are found to be
0.33MAcm−2 for the 0.25µm-device, 0.27MAcm−2 for the 0.5µm-device, 0.25MAcm−2 for the
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1µm-device and 0.25MAcm−2 for the 2µm-device. Compared to the current density from table
5.1, calculated with the electrode areas Γ of the respective devices, the effective current densities
jd,effective are calculated with the effective electrode areasW 2source−W 2empty. The values then match
the current density for the 0.25µm-device, which is assumed to be fully CSPE-1(sd) penetrated,
satisfactorily. Such high current densities, which are almost 2 orders of magnitude higher than all
reported values of current densities of printed materials up to now [67, 94], can be explained by
the favorable geometry and the large channel width of the porous SnO2 semiconductor network.
As a result of the CSPE gating technique the equivalent of more than 100 pillars/fibers can be
switched simultaneously using a single gate potential. Despite the very large current density the
electrical characteristic curves of the 0.25µm-device are close to ideal. The output curves exhibit
the classical Vgs2 behavior and a clear current saturation for Vds>Vgs (see Figure 5.7).
The output characteristics of the devices with larger electrode areas as displayed in figures
5.7(f) and (h) are not ideal. The Id characteristics of the 0.5µm-device in Figure 5.7(d) are
not discussed since the current densities observed for this device are atypical and seem to re-
sult from unknown device defects. For the other devices one observes an initial S-shape of the
Id characteristics combined with a shift of Id characteristics to higher Vds values. In addition, the
drain currents do not completely saturate anymore. The S-shape of the output characteristics can
be reasoned to be a consequence of the finite penetration depth of the electrolyte into the channel
region. Such a finite penetration depth most probably results in a non-uniform forefront of the
CSPE-1(lq). This is due to the irregular semiconductor network or to remainders of pyrolytic
carbon in the pores due to an oxygen deficiency during the calcination process. This effect has to
be discussed. Therefore, a simple example for such a non-uniform distribution is shown in Figure
5.13. In this case the center of the semiconductor layer is penetrated easier and the edges fill up
later or stay empty dependent on the trapped air in the pores. In this shape the forefront of the
CSPE-1(lq) solidifies.
Figure 5.13.: Schematics of a cross section of the filling of the CSPE-1(sd) in the porous SnO2 net-
work in between source and drain electrode indicating an inhomogeneous filling with
CSPE-1(sd) at the limit of the penetration depth.
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To discuss the consequences, a red frame and shading is added in Figure 5.13 to mark the
location, where the channel is not filled uniformly anymore over the whole channel length L. In
this exemplary case the electrolyte is missing near the electrodes and no gating effect occurs in
these regions. Independent of the shape of the forefront the consequences of a partial gating
effect is similar for different shapes. Under an applied gate voltage the channel will only form in
the CSPE-1(sd) filled regions. The non-gated regions next to the electrodes will result in large
contact barriers. It was shown that such contact barriers lead to the observed S-shape of the
output characteristics [95] as observed experimentally in the present study. This phenomenon
of an incomplete channel formation is present all along the inner edges of the non-gated part of
the semiconductor. In addition, there may be at some filaments an injection barrier between the
metal electrodes and the SnO2 filaments. The origin of these injection barriers can be seen in the
fabrication step of depositing the metal electrode on the dried precursor ink before calcination.
This means that some of the filaments are not connected to the drain electrode directly since they
are covered by a thin polymer layer before metalization, which after calcination forms an air gap
or a layer of pyrolytic carbon, which is equivalent to a potential barrier. Such an intermediate
layer between drain and channel would act as an injection barrier leading to the S-shaped onset of
the output characteristic, as well. As discussed before one would also expect that the off-currents
scale with the electrode area Γ . The experimental off-currents t[87]aken from the minimum of
the transfer characteristics of the larger FET devices from figures 5.7(c), (e) and (g), increase,
however, by 4 orders of magnitude instead of the factor of 64 as expected. This unexpected
increase can also be explained by the finite penetration depth of the electrolyte. It is found, that
the semiconductor without electrolyte gating has a higher conductivity than the CSPE-1(sd) filled
semiconductor with electrolyte gating. Thus, the non-gated semiconductor volume shows higher
currents than the gated regions of the fully CSPE-1(sd) filled fraction of the active channel volume.
This can be understood by examining the energetics of the device in the off state of a gated and
a non-gated filament. The electrolyte gating is performed between SnO2 and platinum. In order
to equalize the Fermi levels of SnO2 located at -4.9 eV [96] and of platinum located at about
-5.65 eV [97] electrons have to flow from SnO2 towards platinum. In the case of an electrolyte
in contact with SnO2 and platinum the ions form electrical double layers as compensation at the
respective interfaces. This results in the extraction of electrons from the SnO2 and thus lowers the
conductivity of the channel. In the empty channel region this is not the case and the conductivity
is consequently higher. With a large fraction of non-gated semiconductor in the electrode area the
off-current is dominated by the conductivity of the pure semiconductor and increases strongly with
growing electrode size. The varying threshold voltages Vth and the change in the subthreshold
swing SS are not understood in the present case but may be related to the trap density at the
electrolyte/semiconductor interface, which is difficult to address experimentally.
After the thorough analysis of the v-FET characteristic values, a brief analysis of the time
constants τRC and τtransit are performed. To calculate τRC, the electrolyte resistance and the
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capacitance are calculated. With an average gate-to-channel distance d of 50µm, a thickness
of CSPE-1(sd) of 1µm, the electrolyte width of 250 nm, corresponding to the channel width
yielding in A and the ionic conductivity of the CSPE-1(sd) at room temperature σel(=5.37·
10−3 S/cm) the resistance Rel can be calculated. From eq. (2.15) the resistance results in
Relec,v-FET = 3.7·108Ω. The areal capacitance is calculated from eq. (5.6) and results in
Cdl= 1.94µF cm−2. With a channel width Wchannel = 6.5µm and the channel length L = 45 nm
the capacitance is calculated to be C ′dl,v-FET = 178 pF. The time constant of the RC-circuit results
in τRC= Relec,v-FET · C ′dl,v-FET = 2.1µs. Anyhow, the actual capacitance has to be calculated
for the much larger surface of the entire printed droplet. The droplet has a diameter of ∼50µm
which results in a surface area, which is about 10000 times larger than the channel surface in the
electrode area. This increases the time constant to τRC= 21ms. The transit time of the electrons
in the SnO2 network can be calculated from eq. (2.11). Taking the channel length of 45 nm, the
field-effect mobility of 2.2 cm2V−1 s−1 and the drain voltage of 0.5V the transit time can then be
calculated to τtransit= 18.4 ps. The actual device switching speed is thus limited by the large elec-
trolyte resistance and the large semiconductor surface, due to the printed droplet. This problem
will be dealt with in the next section 5.4.
To gain further insight into the material and the v-FET performance, simulations were per-
formed to support the measured data and give further insight into the functionality of the porous
channel material. The simulations have been conducted in the group of Professor Wenzel and
are also used to find parameters to optimize the channel material for future applications [87].
Using drift-diffusion calculations, the charge density distributions for different morphologies (see
appendix G) are calculated. The electrolyte is thereby replaced by a dielectric with a thickness of
2 nm and a relative permittivity of 4, as introduced earlier. The work function of the gate metal
Pt is set to -5.95 eV, where experimental values from literature of -5.65 eV are reported [97]. The
work function of SnO2 is set to -4.9 eV [96] and the band gap to 3.6 eV. Source and drain electrode
are connected to the semiconductor assuming ohmic contacts. The carrier concentration of SnO2
is considered to be 5.4· 1018 cm−3 which is at the higher end of previously reported values [98, 99].
The electron mobility is set to 3.0 cm2V−1 s−1, which is at the lower end of reported values [99]
and matches the µFET of 2.2 cm2V−1 s−1 shown in table 5.1. Experimentally determined values
for polycrystalline SnO2 films show mobilities in the range of 10-20 cm2V−1 s−1 for compact films
with crystallite sizes of 10-30 nm. In this case the porous structure and the crystallite sizes of
3-5 nm can cause the deviations from literature values. With these boundary conditions transfer
curves are simulated with a drain voltage Vds of 0.5V in a voltage range between Vgs=0.0V and
2V. For Vgs< 0.0V the leakage current, which is not taken into account in the calculations domi-
nates the drain current. Figure 5.14 shows simulated transfer curves for different semiconductor
morphologies (see Figure 5.14(a)) and different carrier concentrations (see Figure 5.14(b)). Figure
5.14(a) shows, that with a changed morphology towards smaller pore sizes and filament widths the
drain current can be increased and at the same time the on/off-current ratio increases. A channel
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with smaller pore sizes and filament widths would thus offer an even higher current density. The
carrier concentration is, however, in an optimal region.
(a) (b)
Figure 5.14.: Comparison of the experimental (0.25µm) and theoretical transfer curves: (a) the the-
oretical curves are calculated from the drift diffusion model using fixed parameters for
the work function Ψ, the relative permittivity r, the field-effect mobility µFET and the
carrier concentration n for three different morphologies (see appendix G.1). (b) Influence
of different carrier concentrations on the transfer curves determined using otherwise the
same parameters as for Figure (a) utilizing the experimental morphology taken from an
SEM micrograph (see appendix G.1(b)). The green curve in both figures resembles the
experimental transfer characteristic.
With an optimization towards smaller pores and smaller semiconductor filament widths, the
problem of crosstalk between opposing pore walls may appear due to an overlap of the two Gouy-
Chapman layers in the electrolyte and due to an overlap of the two space charge regimes forming on
both sides of the same semiconductor filament. This may lead to shielding effects in the center of
the electrode area. To check on these concerns, simulations on the extension of the channel inside
the semiconductor filament were performed, which is calculated to ∼1 nm. Therefore the filament
width could be further reduced to optimize the performance of the transistor. The thickness of
the electric double layer in the CSPE-1(sd) is assumed from literature where Bourgh et al. used
an extended Poisson-Boltzmann model and found the dimension of the electric double layer to
reach ∼1.5 nm [100] into an electrolyte. Assuming this electric double layer thickness the pores
could also be reduced to about 3 times this size which amounts to ∼4.5 nm. These results give
rise to the assumption, that smaller pores and filaments could actually improve the performance
of the v-FET without compromising the channel formation in the porous semiconductor network.
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Still the functionality and penetration of the CSPE-1(lq) into such porous semiconductors with
reduced channel width has to be guaranteed.
5.4 Reduction of Switching Speed
To address the question of achieving a low value for τRC, one has to overcome the problem of large
gate-to-channel distances for displaced gates. Therefore a novel approach for an EG-FET with a
back-gate geometry is presented. As gate electrode ITO is used, covered with porous Al2O3 to
define a spatial separation between channel and gate. Porous SnO2 as semiconductor and platinum
as source and drain electrodes are applied subsequently. The resulting device geometry is shown
in Figure 5.15(a). Electron beam lithography is used to structure and locate the electrodes and
the porous semiconductor. The printable alumina dispersion is prepared, following the route of
Weidmann et al. [101]. The morphology of the resulting porous Al2O3 is shown in Figure 5.15(b).
Figure 5.15.: (a) Electrolyte-gated field-effect transistor with back gate geometry. The gate electrode
(Wgate = 50µm) is covered with porous Al2O3 (Wspacer = 70µm, dspacer = 300 nm) and
the porous porous SnO2 semiconductor (W ′channel = L = 50µm and dchannel = 50 nm) is
located on top of the porous Al2O3 layer (see inset).(b) SEM micrograph of the porous
structure of printed and calcinated Al2O3 network. The pore size of the Al2O3 network
is ∼20 nm.
With the device geometry as shown in Figure 5.15(a) the gate-to-channel distance can be reduced
to the thickness of the porous Al2O3 spacer of 300 nm. This results in a much smaller resistance
of the CSPE-1(sd) and thereby in a much shorter time constant τRC. In order to stack two
porous films on top of each other, i.e., porous SnO2 on top of porous Al2O3, one has to avoid an
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infiltration of the SnO2 precursor ink into the porous Al2O3 spacer. Therefore an intermediate
heating step to 300 °C is performed, which is sufficient to solidify the porous Al2O3 structure. The
polymer micelles are left intact and still fill the pores of Al2O3. Subsequently, the SnO2 precursor
is applied. Due to the filled pores of the Al2O3 the SnO2 precursor is not able to penetrate into the
Al2O3 pores. The final calcination is done in a single heating step utilizing the same parameters as
described in section 3.3.7. After calcination the CSPE-1(lq) is printed into both layers ensuring a
good electrical contact between gate electrode and the semiconductor filaments of the back-gated
EG-FET. Figure 5.16 shows the transfer and output characteristics of such a back gate EG-FET.
The green curve of Figure 5.16(a) thereby displays the transfer characteristics of the FET for
gate voltages ranging from -0.3V to 1.2V. The drain current Id ranges from below 10−11A to
almost 10−6A. The resulting on/off-current ratio is ∼105. The subthreshold swing of 89mV/dec
is very close to the theoretical limit of (∼59mV/dec) and indicates, that only a small number
of interface trap states are present. The threshold voltage is Vth= 0.39V and is determined as
described in section 3.1.8. The device is thus a normally off device. The field-effect mobility µFET
is determined from eq. 3.8, where W = Wchannel from eq. (5.4) for the changed channel geometry
and Cdl is calculated as in eq. (5.6).
(a) (b)
Figure 5.16.: Transfer (a) and output (b) characteristics of a back-gated EG-FET with horizontal porous
SnO2-channel.
With 4114 pillars (see appendix H), the channel width amounts to 258.5µm. The field-effect
mobility then results in 0.23 cm2V−1 s−1. This value is reduced by a factor of ten compared to the
v-FET (2.2 cm2V−1 s−1). As mentioned earlier, the field-effect mobility is not a material property
but a device property. The discrepancy between the mobility of the v-FETs and the back-gated
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EG-FET can in this case be explained with the increased channel length. The longer the channel
is, the more grain boundaries the electrons have to pass and the lower is the field-effect mobility.
Anyhow, the key advantage of the back gate geometry is the reduced gate-to-channel dis-
tance. The distance in this case is reduced to the thickness of the porous Al2O3 layer, which is
about 300 nm but has not been optimized so far. The reduced channel to gate distance results in
a >100-fold shorter time constant τRC and has the further advantage of the gate being parallel
to the transistor channel. The parallel arrangement ensures a constant distance between gate
and channel, instead of the strongly varying gate-to-channel distance of the v-FET. A parallel
structure is thereby beneficial for the channel formation, because the resistance of the bulk of the
electrolyte is constant for all locations and therewith the charging time τRC of the channel. In the
in-plane gate geometry, the distance between gate and semiconductor varies for different semicon-
ductor positions, which can cause temporally inhomogeneous charging of the channel. Another
advantage realized in the back gate EG-FET geometry is the lithographically structured channel
area. Unlike the v-FET, where the entire droplet is gated with CSPE-1(sd), the channel in this
case is lithographically structured. If this could be applied to the v-FET, the channel capacitance
could be reduced by a factor of >10000, which complies with the droplet to electrode area ratio.
This would reduce the total capacitance and consequently τRC by the same factor. A lithograph-
ically structured channel was technically not realizable for the v-FET, because during lift-off of
the porous SnO2 semiconductor, the micelles were removed and the deposition of platinum for the
drain electrode caused a short circuit. Still, theoretically, a back-gated v-FET with a lithograph-
ically structured channel has the potential for time constants τRC as low as 0.22µs, which results
in a maximum switching frequency of >1MHz.
5.5 Summary
In this chapter a new vertical field-effect transistor, with a porous electrolyte driven semiconductor
was introduced and realized. An optimized preparation routine for the printed semiconductor
porous SnO2 layer was developed. The semiconducting channel was comprehensively characterized
using optical as well as refractive methods. The pore and crystal size was estimated and the
necessary percolation of the porous network was confirmed. The v-FETs showed close to ideal
transfer and output curves with extraordinary current densities of >0.1MA/cm−2. Deviations of
the current densities from the simple scaling with the electrode areas were identified as a result
of strong influence of stray currents and a finite penetration depth of the liquid electrolyte in the
channel region. An electrolyte penetration depth of ∼300 nm into the channel area was shown to
be consistent for three out of four devices with different electrode sizes and consistent with a full
penetration of a 0.25µm-device. The v-FET exhibited, on top of the very large current density, the
classical Vgs2 behavior of the drain current. Computer simulations performed by project partners
indicated potential enhancement of the device performance by shrinking pore size and filament
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width. A way for a decrease of the gate-to-channel distance by utilization of back-gate geometry




In the present thesis, solid polymer electrolytes as gating dielectrics for FETs have been advanced
by mixing with liquid additives (solvents) exhibiting low melting temperatures. The resulting
composite solid polymer electrolytes (CSPEs) partially retain the liquid phase of the additives
even in the solidified state. The advantages of such CSPEs are easy inkjet printability, high
gating efficiency and the possibility to fabricate miniaturized, fast and temperature insensitive
FETs. In this context three different field-effect transistor geometries comprising a horizontal
channel FET, a vertical channel FET both with in-plane gate geometry and a horizontal channel
FET with back gate geometry all utilizing an optimized CSPE have been developed and electrically
characterized.
To examine the temperature stability of the CSPE with respect to an application in an
electrolyte-gated FET (EG-FET) three different CSPE compositions have been tested chemically,
mechanically and electrically. In a drying study the presence of a liquid phase in the solidified
electrolyte was confirmed. On the one hand this is beneficial for the ionic conductivity of the
CSPEs but on the other hand it also raises questions about its physical state at low temperatures
and its mechanical stability. Differential scanning calorimetry measurements indicated, that no
phase transition takes place for the simplest CSPE (CSPE-1 composed of LiClO4, PVA1, PC2
and DMSO3) containing the solvent with the highest melting temperature. The other CSPEs
were considered to behave likewise. The electrical characterization of all three CSPEs was done
using impedance spectroscopy employing a CSPE filled parallel plate capacitor. To this end, a
representative equivalent circuit has been developed, which allowed to extract the ionic conduc-
tivity σel as well as the areal double layer capacitance Cdl, two key parameters for the electrical
performance of the CSPEs in electrolyte-gated FETs. Measurements have been conducted at dis-
crete temperatures between -45 °C and +45 °C. They showed an expected increase of σel of about
two orders of magnitude and at the same time an unexpected increase of Cdl with temperature
of about 50%. This increase was surprising since an increase of the solvation shell radius of the
ions, as stated in the Stokes-Einstein equation would result in a reduced capacitance with increas-
ing temperature. To elucidate this phenomenon, the possibility of crystallization of the included
LiClO4 salt during the solidification process has been considered followed by a dissociation of the
salt at increased temperatures due to higher solubility. XRD studies on the CSPE(sd) indicated





supersaturated solutions showed both the same temperature behavior as the CSPEs(sd), which
proved this hypothesis wrong. Another reason for the increasing Cdl could be a reduced binding
energy of the solvation shell due to the increased temperature, which results in a closer approach
of the ions to the electrode. Also a combination of the reduced binding energy with temperature
and the presence of counter charges in the electrodes would diminish the need for the solvation
shell for ions approaching the interface. This would explain the positive trend of the areal capac-
itance with temperature. After a thorough analysis of the chemical and electrical properties with
temperature, CSPE-1 is found to be the superior solid electrolyte in terms of ionic conductivity
and areal double layer capacitance over the entire investigated temperature range.
Utilizing CSPE-1, an FET was fabricated and characterized at different working temperatures.
From the Shockley equations the dependence of Id,on on the threshold voltage Vth, the electric
double layer Cdl and the mobility µFET is derived. Two parameters are particularly noticeable,
namely Vth and the on-current Id,on. Both parameters were found to be almost temperature
independent. For the threshold voltage this behavior is not too surprising, because from theory
only a very small shift <0.7mVK−1 is expected. The constant on-current with temperature on
the other hand turned out to be a beneficial interplay of two factors. For a constant Vth, the
increase of Cdl is compensated by a likewise decrease of µFET. The rising number of phonons
in the semiconductor crystal with temperature caused µFET to decrease in a way, compensating
for the increase of Cdl. Anyhow, the temperature insensitive Vth and Id,on are very beneficial for
future applications of CSPEs in logics electrical circuits and everyday applications.
In order to realize the miniaturization of EG-FETs combined with large on-currents, an en-
tirely new concept of a vertical channel field-effect transistor (v-FET) was developed. The idea of
utilizing a porous semiconductor as large area channel material gated by a CSPE makes it neces-
sary to carefully optimize the mixture of the SnO2 precursor ink with using a polymer with the
ability to form micelles and its calcination routine. To get the right pore size and filament width of
the semiconductor network was as important as the realization of the interconnecting pore network
to guarantee the infiltration of the CSPE(lq). Different polymers with the ability to form micelles
were tested as ingredient of the SnO2 precursors and calcined at different temperatures for different
times. The optimal structure was synthesized from a (P/E/B)-b-(PEO) containing SnO2 precur-
sor ink after calcination at 550 °C for 5 minutes. The final product was a polycrystalline porous
structure composed of nanocrystals with diameters ranging from 3 to 5 nm and pore sizes as well
as filament widths of ∼20 nm. From an electron tomography a three dimensional picture of the
semiconductor network proved good interconnectivity of the pores in the SnO2 network. Addition-
ally, the semiconductor to pore ratio was determined to 52 : 48. A printed film of this precursor in
between two platinum electrodes was used for the vertically stacked (source-channel-drain) FET.
With this layer sequence and in-plane gate geometry an electrolyte-gated vertical channel FET
with a printed channel was realized for the first time. The electrical analysis necessitated some
judicious approximations. Since the channel surface could not be determined experimentally, the
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porous SnO2 network was modeled by an array of pillars with the semiconductor to pore ratio
determined by electron tomography. The pillar diameter of 20 nm was taken from the filament
width and the channel length of 45 nm from the film thickness. These values were used to calcu-
late the channel width. All characteristic FET parameters were determined, among others, the
field-effect mobility and the on-current density. The electrical characterization of devices with
increasing channel widths (synonymous for a larger electrode area) yields a reduced on-current
density, which, according to the Shockley equations, should be constant for ideal devices. In an
attempt to explain this discrepancy two hypothesizes were tested. The first hypothesis was the
influence of stray currents flowing through the semiconductor regions outside of the electrode
area. The second one considers a finite penetration depth of the CSPE under the electrode area
due to the repelling forces of enclosed and trapped air in the center part of the electrode area.
Concerning the stray currents it was found that especially for small electrode sizes (<300 nm) a
considerable amount of current, namely >30% of the total current, flows through the outside of
the electrode area. With increasing electrode areas this ratio decays fast. This correction was not
able to describe this phenomenon satisfactorily. Considering the results of the first hypothesis,
the second hypothesis of limited CSPE penetration depth in the active porous semiconductor
volume was able to explain the reduction of the current density for three out of four device ge-
ometries, namely 0.25µm-, 1µm- and 2µm-devices. The assumption of a fixed penetration depth
of ∼0.3µm turned out to be consistent with a fully penetrated 0.25µm-device. The latter device
thereby shows almost ideal transistor characteristics and its derived electrical key parameters were
used in drift diffusion simulations conducted with project partners. The simulated characteristics
showed a good match with the experimental characteristics validating the derived experimental
parameters and additionally showing potential for further optimization.
One of the key features of the horizontal and the vertical channel FET geometries is their
in-plane gate geometry, which made the printing of CSPE(lq) onto channel and gate electrode
comparatively easy. However, as a side effect, it also enlarges the total device area and reduces
the switching speed due to the large channel to gate distance of ∼50µm. A novel approach
utilizing back-gate geometry reduces this distance and additionally ensures a constant channel
to gate distance, which is not the case for in-plane geometry. A porous Al2O3 network with a
thickness of about 300 nm was used as a spacer to create a spatial separation of the bottom gate
and the porous channel. Compared to the in-plane geometry it improves the switching speed by




A logical continuation of the mainly theoretically covered switching speed of the FETs would be
conducting further experiments on this topic. Only few devices were measured to check for the
time constants of the FETs and the correctness of the calculated values. A comprehensive study
to check for the time constants of the v-FET and the back gated FET would be very interesting
also for their application in logics and circuits.
The v-FETs, even though they showed close to ideal transistor behavior for small electrode
areas, suffered from limited penetration depths for larger electrode areas. To exploit the full
potential in terms of current density this problem has to be overcome. A solution for such problem
could be provided by porous electrode materials allowing an easier access for the CSPE, the
trapped air to escape and to fill the channel volume completely.
During the impedance spectroscopy experiments an increase of double layer capacitance was
recognized, which was not understood entirely. Additionally, an unknown component showed up,
which was described with a Warburg element. This contribution, even tough it is not influencing
the conductivity or double layer capacitance, is not understood in detail and would be very
interesting to investigate. Also the positive temperature behavior of the double layer capacitance
is worth investigating in more detail. Pursuing experiments to understand these effect could give
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B.3 List of Abbreviations and Variables
CSPE composite solid polymer electrolyte
CSPE(lq) as prepared composite solid polymer electrolyte before solidification
CSPE(sd) composite solid polymer electrolyte after solidification
FET field-effect transistors
EG-FET electrolyte gated field-effect transistor
v-FET vertical FET
DSC differential scanning calorimetry
DOD drop on demand
SC semiconductor
LED light emitting diode
ITO tin doped indium oxide








SEM scanning electron microscopy
TEM transmission electron microscopy
SAED selected area electron diffraction
STEM scanning TEM
GIXRD grazing incidence X-ray diffraction
PC propylene carbonate
DEC diethyl carbonate
EMC ethyl methyl carbonate
DMC dimethyl carbonate
CPE constant phase element
RC-circuit resistor and capacitor connected in parallel
VTF model Vogel Tamman Fulcher model
Id drain-current









a slope of the Id1/2 curve in the linear regime
|Z| absolute impedance
Z ′ real part of |Z|





Rext resistance of all leads between PPC and EIS
C ′ext capacitance of all leads between PPC and EIS
Cdl areal double layer capacitance





η semiconductor to bulk volume ratio
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C Transfer and Output Curves of all








Figure C.1.: On the left hand side the transfer curve (green) measued at Vds=1V, the leakage current
(red) and the Id1/2 curve is plotted vs. Vgs. On the right hand side the corresponding
output curves (Vgs=0.0V (black), Vgs=0.3V (red), Vgs=0.6V (green) and Vgs=0.9V
(blue) are plotted vs. Vds. The respective temperature is written in the upper left corner
of the graph.
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D Full Set of Impedance Data Fitted with the EC
from Figure 4.4(b)
Table D.1.: List of all measured impedance data of CSPE-1 for different temperatures with a fixed
external resistance of 4 kΩ.
Temperature Rel Warburg R Warburg C Warburg α Cdl α(Cdl) C ′ext
[°C] [Ω] [Ω] [F] a.u. [F] a.u. [F]
46 207,9 1035 1,34·10−4 0,5 1,35·10−7 0,95 1,85·10−10
33 357,3 890,1 1,38·10−4 0,5 1,31·10−7 0,95 1,84·10−10
22 548,7 881,2 1,71·10−4 0,5 1,19·10−7 0,96 1,83·10−10
10 755,9 853,3 2,02·10−4 0,5 1,12·10−7 0,96 1,82·10−10
-1 1004 847 2,33·10−4 0,5 1,08·10−7 0,96 1,82·10−10
-12 1346 1008 3,07·10−4 0,5 1,02·10−7 0,97 1,81·10−10
-23 1818 1287 3,74·10−4 0,5 9,82·10−8 0,96 1,81·10−10
-33 3001 4246 7,45·10−4 0,5 1,01·10−7 0,96 1,79·10−10
-44 5220 12963 1,68·10−3 0,5 9,41·10−8 0,96 1,76·10−10
-34 3512 6516 9,89·10−4 0,5 9,61·10−8 0,96 1,78·10−10
-23 2094 2637 5,24·10−4 0,5 1,00·10−7 0,96 1,8·10−10
-12 1332 904,7 2,84·10−4 0,5 1,06·10−7 0,96 1,82·10−10
-1 1006 875,2 2,51·10−4 0,5 1,05·10−7 0,96 1,82·10−10
10 753 852,5 2,10·10−4 0,5 1,11·10−7 0,96 1,83·10−10
22 559,4 880,4 1,79·10−4 0,5 1,18·10−7 0,96 1,83·10−10
34 369,2 958 1,54·10−4 0,5 1,26·10−7 0,96 1,84·10−10
46 224,1 1024 1,40·10−4 0,5 1,39·10−7 0,95 1,83·10−10
XXXIII
Table D.2.: List of all measured impedance data of CSPE-2 for different temperatures with a fixed
external resistance of 4 kΩ.
Temperature Rel Warburg R Warburg C Warburg α Cdl α(Cdl) C ′ext
[°C] [Ω] [Ω] [F] a.u. [F] a.u. [F]
46 1022 385,6 1,17·10−4 0,5 1,27·10−7 0,95 1,74·10−10
33 1217 344,3 1,47·10−4 0,5 1,17·10−7 0,95 1,75·10−10
22 1471 399,4 2,18·10−4 0,5 1,07·10−7 0,96 1,74·10−10
10 1826 361,2 2,40·10−4 0,5 1,03·10−7 0,96 1,74·10−10
-1 2324 451,1 3,05·10−4 0,5 1,00·10−7 0,96 1,66·10−10
-12 3153 843,7 4,71·10−4 0,5 9,25·10−8 0,97 1,67·10−10
-23 4688 1548 6,69·10−4 0,5 8,98·10−8 0,97 1,69·10−10
-33 7704 3748 1,15·10−3 0,5 8,43·10−8 0,97 1,69·10−10
-44 14770 10651 2,13·10−3 0,5 8,24·10−8 0,97 1,68·10−10
-34 7917 3426 1,09·10−3 0,5 8,61·10−8 0,97 1,69·10−10
-23 4778 1541 7,00·10−4 0,5 9,02·10−8 0,97 1,7·10−10
-12 3156 802,9 4,84·10−4 0,5 9,30·10−8 0,97 1,71·10−10
-1 2429 503,6 3,41·10−4 0,5 9,76·10−8 0,96 1,72·10−10
10 1843 375,9 2,59·10−4 0,5 1,02·10−7 0,96 1,73·10−10
22 1530 319,2 2,00·10−4 0,5 1,08·10−7 0,96 1,74·10−10
34 1226 362,4 1,60·10−4 0,5 1,15·10−7 0,96 1,74·10−10
46 1058 400,1 1,32·10−4 0,5 1,25·10−7 0,95 1,75·10−10
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Table D.3.: List of all measured impedance data of CSP·10−3 for different temperatures with a fixed
external resistance of 4 kΩ.
Temperature Rel Warburg R Warburg C Warburg α Cdl α(Cdl) C ′ext
[°C] [Ω] [Ω] [F] a.u. [F] a.u. [F]
46 1240 585 1,17·10−4 0,5 1,26·10−7 0,95 1,78·10−10
33 1437 535,1 1,46·10−4 0,5 1,17·10−7 0,96 1,76·10−10
22 1692 526,6 1,81·10−4 0,5 1,09·10−7 0,96 1,76·10−10
10 2051 533,6 2,26·10−4 0,5 1,06·10−7 0,96 1,75·10−10
-1 2531 696,7 2,96·10−4 0,5 1,01·10−7 0,96 1,75·10−10
-12 3431 1137 4,51·10−4 0,5 9,46·10−8 0,97 1,74·10−10
-23 5149 1806 5,88·10−4 0,5 9,39·10−8 0,96 1,71·10−10
-33 8638 4847 1,13·10−3 0,5 8,68·10−8 0,97 1,7·10−10
-44 15997 14034 2,30·10−3 0,5 8,36·10−8 0,97 1,7·10−10
-34 8380 5067 1,03·10−3 0,5 8,87·10−8 0,96 1,7·10−10
-23 5210 2043 6,51·10−4 0,5 9,26·10−8 0,96 1,72·10−10
-12 3318 1035 4,13·10−4 0,5 9,76·10−8 0,96 1,73·10−10
-1 2467 653 2,83·10−4 0,5 1,02·10−7 0,96 1,74·10−10
10 1980 541,9 2,26·10−4 0,5 1,05·10−7 0,96 1,75·10−10
22 1670 447,8 1,64·10−4 0,5 1,15·10−7 0,95 1,75·10−10
34 1425 517,2 1,43·10−4 0,5 1,19·10−7 0,96 1,76·10−10
46 1236 568,3 1,18·10−4 0,5 1,31·10−7 0,95 1,75·10−10
E Solid Polymer Electrolytes
Table E.1.: List of solid polymer electrolytes with tensile strength and ionic conductivity values.
Solid polymer electrolytes Conductivity Tensile strength Temperature
[S cm−1] [MPa] [°C]
BAB/LiClO4[84] 2× 10−4 15 30
PVA/SiO2-g-HBPAE/LiClO4[102] 1.5× 10−4 15 25
H3PO4/PVA[85] 3.4× 10−3 2 -
CSPE-1 8× 10−3 5.4 25
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F Carbonates Suitable for Electrolyte Preparation
Table F.1.: Composition of as prepared CSPEs. The amounts are listed in gram.
solvent viscosity dielectric melting
(cP) (25 °C) constant point (°C)
PC 2.5 64.9 -48.8
DEC 0.75 2.8 -74.3
EMC 0.65 3.0 -53.0
EC 1.9 (40 °C) 89.8 36.4
DMC 0.59 3.1 4.6
DMSO 2 46.7 18
G Morphologies for Drift Diffusion Simulations
For the drift diffusion model simulation, three different morphologies of the porous semiconductor
have been taken into account. One is the morphology of the as prepared semiconductor network
extracted from a SEM micrograph, the other two are created using a Metropolis Monte-Carlo-
based simulated annealing algorithm. With different times of simulation one system with smaller
pore sizes and smaller ligament widths and one with larger pore sizes and filament widths are
created. The three different morphologies are shown in Figure G.1
Figure G.1.: Pictures of three different semiconductor morphologies as used for the drift diffusion sim-
ulations. The morphologies in (a) and (c) are created by a Metropolis Monte-Carlo-based
simulated annealing algorithm with differnt annealing times, picture (b) is a SEM micro-
graph of the as prepared porous SnO2 network transfered into black and white.
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H Calculation of Number of Pillars
For the horizontal channel back gate device from section 5.4 the number of pillars is calculated,
using the geometrical specification from Figure 5.15 and results as follows:
Vbulk = W ′channel · L · dchannel = 50 · 50 · 0.05µm3 (H.1)
L = 50µm (H.2)
R = 10nm (H.3)
η = 51, 7% (H.4)
⇒ Npillars = 4114 (H.5)
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